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Abstract 
 
Zeolite A is one of the most important synthetic zeolites as a commercial product 
especially as an additive to household detergents for the softening of water. Zeolite A has 
high ion exchange ability due to its low Si/Al ratio. Most previous work studied the 
crystal structure of different cation exchanged zeolite A in space group P m 3¯ m. 
Therefore, investigation of the thermal stability and crystal structure of hydrated zeolite 
A in subgroup F m 3¯ c become the key aspects of this thesis. 
Powder and single crystals of K+ and NH4
+ exchanged zeolite A were prepared by static 
exchange methods. The crystal structure of hydrated zeolite K,Na-A (a = 24.5714(8) Å) 
was investigated by X-ray diffraction methods (space group F m 3¯ c) at ambient 
temperature. The refinement results indicated that all cations and large proportion of 
water molecules (forming sodalite-cage-shaped clusters) were located in the big grc units 
(α cages). The residual water molecules (forming cubic-shaped clusters) resided on the  
6-fold axes in the toc units (β cages). The thermal behavior of zeolite K-A was studied by 
means of in situ X-ray powder diffraction combined with thermal gravimetric analyses 
from ambient temperature up to 1000°C. The lattice parameter a of zeolite K-A under 
vacuum conditions reveals a weak negative thermal expansion upon heating. Rietveld 
refinements of powder X-ray diffraction patterns showed that no changes occur in the  
Si-O bond distances and Si-O-Si angles. The negative thermal expansion was ascribed to 
the rotation of the rigid SiO4 tetrahedra upon heating. 
The crystal structure of fully hydrated NH4
+ exchanged zeolite A was studied based on 
single-crystal X-ray diffraction methods (space group F m 3¯ c) at ambient temperature. 
Two crystallographic distinct positions for NH4
+ and three for water molecules were 
found. The lattice parameter a of zeolite NH4-A decreased from 24.5996(3) Å to 
24.3378(3) Å when it is exposed to the atmosphere, which could be a sign for the 
ongoing dealumination process. Difference Fourier maps revealed the position (0, 0, 0) 
possessing a high electron density of approximately 20 e/Å3. This position was assigned 
to extraframework Al3+ due to the close distance to water molecules (1.9 Å). In addition, 
Abstract 
2 
 
a series of zeolite A with different K+/NH4
+ ratio were prepared by controlling the 
concentration of exchanged NH4NO3 solution. Their thermal behaviors were studied by 
means of in situ X-ray diffraction in air and under vacuum conditions combined with in 
situ TG-FTIR. The result showed that when the K/NH4
+ ratio is less than 4.5, the zeolite 
structure is unstable upon heating under both atmospheric and vacuum conditions.  
Heavy atoms (Ba2+ and Sr2+) exchanged zeolite A were prepared. The results showed that 
the low X-ray intensity compared with zeolite Na-A was due to the high absorption 
coefficient of heavy atoms for X-rays.  
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Kurzfassung 
Zeolith A ist einer der wichtigsten synthetischen Zeolithe bezüglich der Verwendung in 
kommerziellen Produkten und wird vor allem als Additiv in Haushaltsprodukten zur 
Wasserenthärtung genutzt. Dank seines niedrigen Si/Al Verhältnisses besitzt der Zeolith 
A eine sehr hohe Ionenaustauschkapazität. Die meisten der vorangegangenen 
Forschungen beschäftigten sich mit dem Kationentausch an Zeolith A und den 
resultierenden Kristallstrukturen in der Raumgruppe P m 3¯ m. Darauf aufbauend liegt der 
Fokus der folgenden Arbeit auf der thermischen Stabilität und der Kristallstruktur des 
hydratisierten Zeolith A in der Untergruppe F m 3¯ c.  
Mittels statischer Austauschmethoden konnten Pulverproben sowie Einkristalle von K+ 
und NH4
+ substituiertem Zeolith A dargestellt werden. Die Kristallstruktur des 
hydratisierten Zeolith K,Na-A (a = 24.5714(8) Å) wurde mit röntgenographischen 
Methoden bei Raumtemperatur (Raumgruppe F m 3¯ c) untersucht. Die Ergebnisse der 
Verfeinerungen deuteten darauf hin dass die gesamten Kationen, sowie ein Großteil der 
Wassermoleküle (welche Sodalith-Käfig-artige Agglomerate formen), in den großen grc 
Einheiten (α Käfige) lokalisiert sind. Die verbleibenden Wassermoleküle (kubisch 
agglomeriert) befanden sich auf den 6-zähligen Achsen in den toc Einheiten (β Käfige). 
Das thermische Verhalten von Zeolith K-A wurde mittels in-situ Pulver-
Röntgendiffraktometrie in Kombination mit thermogravimetrischen Analysen von 
Raumtemperatur bis 1000°C untersucht. Unter Vakuumbedingungen zeigt der 
Gitterparameter a des Zeolith K-A eine schwach negative thermische Ausdehnung. 
Rietveld-Verfeinerungen an Pulver-Röntgendiffraktogrammen konnten zeigen dass keine 
Änderungen an Si-O Bindungslängen sowie Si-O-Si Bindungswinkeln auftreten. Die 
negative thermische Expansion wurde der Rotation der starren SiO4-Tetraeder 
zugeschrieben.  
Die Kristallstruktur des vollständig hydratisierten NH4
+ substituierten Zeolith A wurde 
mittels Methoden der Röntgenbeugung am Einkristall (Raumgruppe F m 3¯ c) bei 
Raumtemperatur untersucht. Es wurden zwei kristallographisch unabhängige Positionen 
für NH4
+ sowie drei für Wassermoleküle gefunden. Der Gitterparameter a des Zeolith 
NH4-A verringerte sich von 24.5996(3) Å auf 24.3378(3) Å bei Exposition mit der 
Kurzfassung 
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Atmosphäre, was ein Zeichen für den fortlaufenden Prozess der Dealuminierung sein 
könnte. Differenz-Fourier-Karten konnten eine hohe Restelektronendichte von etwa 20 
e/Å3 auf der Position (0, 0, 0) aufzeigen. Selbige Position wurde den Extra-
Gerüstaluminiumkationen aufgrund ihrer kurzen Distanz (1.9 Å) zu Wassermolekülen 
zugeschrieben. Zusätzlich konnte eine Reihe von Zeolith A mit verschiedenen K+/NH4
+-
Verhältnissen durch Änderung der Konzentration der ausgetauschten NH4NO3-Lösung 
dargestellt werden. Ihr thermisches Verhalten wurde mittels in-situ 
Röntgendiffraktometrie an Luft und unter Vakuum-Bedingungen, in Kombination mit in-
situ TG-FTIR untersucht. Die Ergebnisse konnten zeigen, dass bei einem K/NH4
+-
Verhältnis unter 4.5 die Zeolith-Struktur beim Aufheizen instabil wird, sowohl unter 
atmosphärischen als auch Vakuum-Bedingungen.  
Ebenfalls wurde Zeolith A mit substituierten Schweratomen (Ba2+ and Sr2+) dargestellt. 
Die resultierenden Röntgendiffraktogramme zeigten, verglichen mit denen von Zeolith 
Na-A, deutlich niedrigere Intensitäten, was auf die hohen Absorptionskoeffizienten der 
Schweratome zurückzuführen ist. 
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Chapter 1    Introduction 
 
Zeolites are a large class of microporous crystalline aluminosilicate materials that consist 
of a three-dimensional framework of SiO4
 and AlO4
 tetrahedra (Fig. 1.1). Generally, the 
majority of the research work on zeolites focused on synthetic zeolites. The natural 
zeolites usually have variations in chemical composition because they are formed in 
various environments. The synthetic zeolites are used more widely because of their purity, 
degree of crystallinity, and pore-size uniformity. The evolution trends of synthetic zeolite 
are shown in Table 1.1 (Flanigen et al., 2012).  
 
Fig.  1.1 Tetrahedra of zeolite structure. 
Table 1.1 Evolution trends of synthetic zeolites. 
Time of discovery Composition 
Late 1940s to early 1950s Low Si/Al ratio zeolites  
Mid-1950s to late 1960s High Si/Al ratio zeolites  
Early 1970s SiO2 molecular sieves 
Late 1970s ALPO4 molecular sieves 
Late 1970s to early 1980s SAPO and MeAPO molecular sieves 
Later 1970s Metallo-silicates, aluminosilicates 
Early to mid-1980s ALPO4 based molecular sieves 
Early to mid-1990s Metallophosphates 
 Mesoporous molecular sieves 
 Octahedral-tetrahedral frameworks 
Late 1990s Metal organic frameworks 
2000s to present UZM aluminosilicate zeolite, Si/Al = 2-30 
 Germanosilicate zeolites 
 SiO2 molecular sieves in fluoride media 
Chapter 1 Introduction 
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The simplified chemical composition of zeolite is Mx/n[(AlO2)x(SiO2)y]·wH2O, 
where M represents the exchangeable cations for balancing the charge of the 
aluminosilicate framework, n is the valency of the cation M, w is the number of water 
molecules per unit cell, x and y are the total numbers of tetrahedra per unit cell, and the 
ratio y/x usually has values ranging from 1 to ∞. The framework of the zeolite is built by 
TO4 tetrahedra (T = Si, Al) with O atoms as bridges to connect the adjacent tetrahedra. 
Namely, each Si and Al shares one O atom in the framework. The arrangement of Si and 
Al in the zeolite framework is governed by Loewenstein’s rule (Loewenstein, 1954) who 
proposed that the lowest ratio of Si/Al is equal to one. In other words, an Al–O–Al 
linkage is not allowed in the zeolite framework. For the pure silica units, the charge 
balance between Si4+ and two O2- can be formed into neutral units. However, if 
tetravalent Si was substituted by trivalent Al, Al3+ and two O2- will make the frameworks 
negatively charged. Therefore, it requires some extraframework cations such as alkalis 
and alkaline earth cations to balance the framework. The extraframework cations can be 
exchanged by other cations that make zeolites very important in industry. 
For many decades, zeolites played an important role in various industries. Zeolites have 
applications in three main fields owing to their unique properties such as thermal stability, 
acidity, hydrophobicity/hydrophilicity of surfaces and ion-exchange capacity. As 
adsorbents, zeolites are very useful to remove the small polar or polarizable molecules 
and heavy metal ions such as Cu2+, Pb2+, Ba2+, and Sr2+. Zeolites can also be used as 
additive to detergents owing to their excellent ion-exchanged capacity. As catalysts, 
zeolites are widely used in petroleum industry in reactions such as cracking, alkylation, 
isomerization, shape-selective reforming, hydrogenation, and dehydrogenation. Fig. 1.2 
provides the information about the main three applications of zeolites. Zeolites are 
majorly used in detergents. It seems that China consumes a large amount of natural 
zeolites (2.4 million tons per annum). In other area such as USA and Europe, only 8 wt% 
(0.15 million tons per annum) of natural zeolites were consumed. 
 
Chapter 1    Introduction 
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Fig. 1.2 Estimated annual zeolite consumption (wt% of total 1.8 million metric ton) by the major individual 
applications, excluding China’s annual > 2.4 million metric ton of natural zeolite consumption (modified 
from Lauriente and Inoguchi.Y. (2005)). 
 
Among all the synthetic zeolites, zeolite Na-A (LTA), with idealized composition 
(usually stated as Na12Al12Si12O48 ˑ 27H2O), is one of the most frequently studied zeolites. 
It is widely used as water softener because of its excellent properties instead of sodium 
tripolyphosphate (STPP) that leads to eutrophication and allows large growth of algae on 
the surface of water in lakes and rivers (Crutchfield, 1978; Gabrovšek, 1985). Zeolite Na-
A is the first artificially synthesized zeolite that has the lowest Si/Al ratio (close to 1) in 
the zeolites family. About 350 crystal-structure refinements of aluminosilicate 
compounds with the LTA framework are listed in the Landolt-Börnstein series of 
microporous and other framework materials with zeolite-type structures (Fischer and 
Baur, 2006). More than 450 LTA type data sets are contained in the databank ZeoBase 
(Baur and Fischer, 2010). Zeolite A has an aluminosilicate framework formed by SiO4 
and AlO4 tetrahedra.  
In this thesis, a brief summary of the synthesis, structure, and applications of zeolite A 
are shortly introduced at the beginning. In the subsequent sections, the scope and 
objectives of this thesis are presented. The methods for the sample preparation and the 
instruments for the sample characterization are given in the third part. The main 
contribution of this thesis is included in results and discussion part. In the last section, 
conclusions, future perspectives, and the references of this thesis are presented. 
Manuscripts in preparation are listed in the final section.  
Chapter 1    Introduction 
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1.1 Synthesis of zeolite A 
The hydrothermal technique that is the pioneering method of synthesizing zeolite A has 
emerged as the basic and important method of producing zeolite A. Other new methods 
are also developed to obtain zeolite A.  
 
(1) Hydrothermal method 
Hydrothermal synthesis is widely used in the preparation of zeolites because of the high 
reactivity of reactants and easily controllable solution. This method is based on mixing an 
aluminate and silica solution in the presence of the organic and/or inorganic substance. 
The aqueous mixture is heated at around 100?C in a sealed autoclave or a polypropylene 
bottle. The aging time depends on different kinds of zeolites. Among the factors that 
influence the formation of zeolite A, many of them include the organic or inorganic 
additives. Sun and Shen (2012) reported that different organic additives have different 
influence on the crystallization process. For instance, sodium dodecyl sulphonate (SDS), 
Tween-80 (TWEEN), and poly (ethylene glycol) (PEG) can decrease the induction period, 
whereas sodium carboxymethyl cellulose (SCMC) works in the opposite way. 
Cetyltrimethylammonium bromide (CTAB) could destroy the crystal structure whereas 
poly (acrylamide) (PAM) could improve the stability of zeolite A. During the 
hydrothermal process, water is used as a common solvent particularly in the presence of 
an organic template to accelerate the chemical reactions. The hydrothermal techniques 
usually take place at low temperatures in an aqueous solution in a closed system. 
Therefore, fine polycrystalline powder samples are usually obtained. However, the 
synthesis of a large single crystal of zeolite A with a size larger than 50 μm is highly 
desirable for the analysis of the structure and growth mechanism, and has applications in 
zeolite functional materials (Ozin et al., 1989). 
The first time to obtain the large single crystal of zeolite A was used triethanolamine 
(TEA) as the complexing agent (Charnell, 1971). The solution of sodium metasilicate and 
aluminate was first mixed with TEA separately, then these two solutions were mixed 
together and kept for two or three weeks at 75–85?C for obtaining zeolite A or zeolite X. 
This method could produce approximately 60 μm on the edge of single crystal. Scott et al. 
(1990) studied the role of TEA in zeolite crystallization. It was found that the existence of 
Chapter 1    Introduction 
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TEA can chelate aluminum through its hydroxyl groups, leading the release of aluminium 
nutrients deduce and then suppression of the nucleation rate of the zeolite crystal. 
However, an excess of TEA leads to the formation of zeolite X. Yang et al. (2006) 
proposed that TEA increases the viscosity of the system and reduces the reactivity of 
aluminum species in the precursors.  
 
(2) Microwave-assisted hydrothermal synthetic route 
The microwave-assisted synthesis has more advantages as compared with traditional 
hydrothermal synthesis. It is generally much faster and more efficient because the 
microwave energy significantly increases the heating rate of the synthesis mixture. 
Microwave irradiation can also result in a more uniform reaction. However, a sharp 
temperature increasing might also lead to some undesired phases. A special care on the 
preparation of the synthesis mixture for microwave heating was also required (Slangen et 
al., 1997). Sathupunya et al. (2003) used alumatrane and silatrane as precursors to 
produce Na-A zeolite with crystal size of 1 μm by the sol–gel process combined with the 
microwave heating method. Bonaccorsi and Proverbio (2008) produced zeolite A by 
using the microwave process that was a real breakthrough for an industrial level.  
 
(3) Microemulsion method 
The microemulsion method is considered to be a useful approach to synthesize zeolites. 
Generally, this method involves a surfactant, co-surfactant, oil phase, and water phase. In 
the early 1990s, Dutta and Robins (1991) first investigated zeolite growth in 
microemulsion (Dutta et al., 1995). Chen et al. (2005) reported the synthesis of template-
free zeolite A by the means of a microemulsion technique assisted by microwave heating. 
In their study, the microemulsion included cetyl trimethyl ammonium bromide (CTAB), 
n-butanol, and cyclohexane that were used as the surfactant, co-surfactant, and oil phase, 
respectively. Eventually, the nanocrystals (40–80 nm) of zeolite A were also obtained. 
Esmaeili et al. (2011b) also reported the synthesis zeolite A with a microemulsion 
method but uses heptane as an oil phase. They pointed out that microemulsion is a 
reliable approach to prepare high–purity nanocrystallites of template-free zeolite 
materials.  
Chapter 1    Introduction 
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a 
 
 
                                                       b 
Fig. 1.3 Crystal structure of LTA. (a), cubic morphology; (b), crystal structure of zeolite A: the toc units 
[4668] and  grc units [4126886] blue=Al green=Si red=O. 
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The crystal structure of zeolite A is schematically shown in Fig. 1.3. Zeolite A possesses 
a three-dimensional structure of a cubic system. The lattice parameters of hydrated and 
dehydrated template-free zeolite A were estimated to be a = 24.6077(8) Å and 
a = 24.5693(3) Å,? respectively,? based on X-ray powder diffraction data (Ikeda et al., 
1998). For the hydrated zeolite A, which was synthesized by using triethanolamine, the 
lattice parameter was estimated to be a = 24.5498(28) Å based on a single-crystal 
synchrotron X-ray diffraction data (Fischer et al., 2012). According to Loeweinstein’s 
rule (Loewenstein, 1954), the framework of zeolite A has Si/Al = 1, which allows the Si 
atom and the Al atom to be arranged alternately in the framework. In Fig. 1.3, the oxygen 
atoms between Si and Al atoms are omitted. The unit cell of zeolite A consists of 12 AlO4 
and 12 SiO4 tetrahedra. Zeolite A was constituted by three types of units: grc unit 
([4126886], also called α cage) with an inside diameter of 11 Å, toc unit ([4668], also called 
β cage or sodalite cage) with a diameter of 6.6 Å and cub unit ([46]) (for designations see 
Smith (2000)). The grc units (Blackwell et al., 1985; Hanson et al., 1987) opened each 
other through eight-membered rings (8R) that are approximately 4 Å across. The opening 
size can be changed depending on the charge-balancing cations. Each toc unit was linked 
by double 4-ring (D4R). The six-membered rings (6R) are on the boundary between the 
toc units and grc units. In the framework, three crystallographical distinct oxygen sites 
exist: O1 forms the 6-ring and 4-ring part, O2 forms the 8-ring and 6-ring part, O3 forms 
the 8-ring and 4-ring part. The crystallographic ratios are 2:1:1 for O(1), O(2), and O(3) 
sites, respectively. 
Zeolite A structure contains 96 Na+ ions, which balance the surplus negative charge of 
AlO4 tetrahedra. Na
+ could easily be changed by other cations such as alkali or alkaline 
earth metals. Water molecules are inside the pores of zeolite A, which could be released 
by the heating process. Generally, there are three sites for Na+ in dehydrated zeolite Na-A 
(Ohgushi, 2007). S1: approximately 64 Na+ are located in the 6-rings where they 
coordinate to the three framework oxygen atoms; S2: 24 Na+ sit in/out 8-rings where they 
coordinate to the two framework oxygen atoms; S3: the remaining 8 Na+ are usually 
located in the front of 4-rings where they coordinated to the two framework atoms. This 
4R sites are not fully occupied. The water molecules distributed in both α cages and β 
cages. 
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Fig. 1.4 Crystal structure of fully hydrated zeolite NaA (Fischer et al., 2012) Na1=pink; Na2=blue;  
OW1=red; OW2=yellow; OW3=white. 
 
Since the distance between water and framework oxygen is similar to the distance of Na+ 
to framework oxygen atoms, it is hard to distinguish water molecules and Na+ in hydrated 
Na-A. An authoritative refinement of the crystal structure of hydrated Na-A was reported 
by Gramlich and Meier (1971). In their work, five sites were observed for water 
molecules. Site 1 was occupied by four water molecules inside the small β cages. Site 2 
and 3 were occupied by 20 water molecules inside the α cages. Site 4 probably included 
both sodium and water molecules. Site 5 was possibly occupied by one water molecules 
and one Na ion at the center of the dodecahedral cluster. Recently, our group reported the 
crystal structure of fully hydrated zeolite Na-A by single-crystal synchrotron methods in 
the space group F m 3¯ c (Fischer et al., 2012). In this work, two sites for Na+ (Fig. 1.4) are 
shown. 64 Na+ are located in large cages. 24 Na+ are lying on the surface of 8-ring. There 
are three positions that are suitable for water molecules. Two of them are in the grc units 
(forming sodalite-cage-shaped clusters) and one was in the toc units (arranged 
octahedrally). 
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1.2.1 Space group assignment  
The first report that describes the structure of zeolite Na-A was based on powder 
diffraction data provided by Reed and Breck (1956). They refined the structure in space 
group P m 3¯ m with lattice parameter a = 12.3 Å. In space group P m 3¯ m, the Si and Al 
atoms are not discriminated. Later on Barrer and Meier (1958) observed two 
superstructure lines that indicate a doubled unit cell constant in the powder pattern Na-A.  
Smith and Dowell (1968) reported the structure of dehydrated Na-A in space group 
P m 3¯ m  using very small single crystal (an edge length of 23 μm). In 1971, the relatively 
large single crystals of zeolite Na-A were synthesized by Charnell (1971) with TEA as an 
additive. Gramlich and Meier (1971) described the structure of hydrated zeolite A in 
space group F m 3¯ c with lattice parameter a = 24.6 Å. They refined the crystal structure 
in the subgroup but constrained the nonframework atoms to the symmetry of supergroup. 
In the double unit cell constant, they showed that the Si and Al atoms of the framework 
are ordered in this way. 
So far, approximately 90% of the publications described the structure of zeolite A or 
different cation-exchanged zeolite A in space group P m 3¯ m. Only 10% of the 
publications are reported in subgroup F m 3¯ c. In this work, the main parts are 
concentrated on describing the structure of different cation exchanged zeolite A in space 
group F m 3¯ c.  
 
1.2.2 Si/Al ratio  
The detailed description of Si/Al ratio in zeolite A is presented in Chapter LTA.6.4 by 
Fischer and Baur (2006). A brief summary is presented in the following paragraph.  
 
Table 1.2 The evolution of Si/Al ratio. 
Year Authors method Si/Al  
1979 Pluth and Smith Electron microprobe  1.03 
1983 Bennett Wet chemical analysis 0.94 
1984 Seff and Mellum 29Si NMR 1 
1985 Blackwell 29Si NMR 1.03±0.01 
1987 Hanson Proton inelastic scattering 1.04 
Chapter 1    Introduction 
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The determination of the exact chemical composition of zeolite A is a controversial issue 
for many years. At the beginning, the Si/Al ratio in zeolite A synthesized by Charnell’s 
method was assumed to be 1. Pluth and Smith (1979) used electron microprobe analysis 
on different cation-exchanged single crystal zeolite A and reported that the Si/Al was at 
least 1.03 corresponding to 97.4 Si and 94.6 Al in the F-centered unit cell. However, Seff 
and Mellum (1984) disputed that the Si/Al ratio is exactly one for strict alternation of Si 
and Al over tetrahedral nodes in the framework. They argued that the results that show 
the Si/Al ratio of more than one is due to the experimental error. Later Blackwell et al. 
(1985) reported that the Si/Al ratio is 1.03(1) by nuclear magnetic resonance spectrum. 
This is supported by Hanson et al. (1987) who determined the Si/Al = 1.04(1) by proton 
inelastic scattering. This issue is also discussed in this work.  
 
1.3 Properties and applications of zeolite A 
1.3.1 Thermal stability 
In general, zeolites are widely used in extreme temperature conditions in industry. For 
instance, zeolites can be used as sorbents at high temperatures. Therefore, the thermal 
stability of zeolites is a very important feature. The thermal treatment introduces a 
framework of zeolites that collapses into intermediate amorphous phases. Subsequently, 
another crystalline phase is formed through a recrystallization process. 
The sodium form of zeolite A transforms into a mixture of carnegeite and nepheline at 
900?C and completely transforms into nepheline above 1000?C (MIMURA and KANNO, 
1980). Ohgushi et al. (2001) investigated the thermal disintegration process of zeolite A 
by a microwave heating technique. They pointed out that zeolite A transformed into high-
carnegieite 1 at 920?C. The transformation proceeded with increasing temperatures. 
Nepheline was formed at 990?C and high-carnegieite 2 at 1254?C. Further heating led to 
melting at 1526?C.  
Generally, the thermal stability of the framework of zeolite varies depending on the 
nonframework cations. If sodium is replaced by potassium, the transformation at high 
temperature is different. The investigation from Kosanovic et al. (1997) showed that 
potassium-exchanged zeolite A (K-A) transformed into an amorphous aluminosilicate at 
960?C. If the heating time was prolonged at the same temperature, it transferred into a 
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mixture of kalsilite and kaliophilite. Ferone et al. (2005) investigated the sequence of 
thermal transformation for Ba-exchanged zeolite A (Ba-A). The zeolite Ba-A became an 
amorphous phase at around 200?C by a partial disruption of the D4R units. The 
crystallization of small crystallites of monoclinic celsian started at 500?C and the 
crystallization of hexacelsian occurred above 800?C. With temperature up to 1400?C, the 
hexacelsian converted into monoclinic celsian. Radosavljevic-Mihajlovic et al. (2015) 
reported the transformation process for Pb-exchanged zeolite A (Pb-A). The framework 
of Pb-A was collapsed into amorphous intermediate products between 600?C and 650?C 
and yielded disordered Pb-feldsparLTA and Pb-feldsparFAU phases over 1100?C.   
Liguori et al. (2008) reported that the Sr-exchanged zeolite A (Sr-A) transformed into 
amorphous at approximately 900?C and followed by the formation of Sr-feldspar at 
950?C and completely converted at 1150?C. 
 
1.3.2 Ion exchange 
The research on ion-exchange properties of zeolites has been a hot topic for many years. 
The ion-exchange applications of zeolites depend on many factors such as the framework 
of aluminum content, the structure of zeolite, and the positions of the charge-balancing 
cations within the structure.  
Zeolite A has a high ion-exchanged capacity because it belongs to aluminum-rich zeolite. 
The excellent ion-exchange properties of zeolite A confer it to have applications as a 
“builder” in laundry detergents. Traditionally, phosphates are very popular for their use 
as detergent builders. However, in the early 1980s, high concentrations of phosphate 
compounds were found in the lakes and rivers, which led to eutrophication. Therefore, 
due to the environmental pressures, a new detergent was urgently needed to substitute the 
phosphate.   
Zeolites are the excellent substitute for phosphatic builder materials in the formulation of 
detergents. Especially, zeolite A with high aluminum content is used to extract Ca2+ and 
Mg2+ by replacing soft ions such as Na+ and K+. Several studies were reported on 
understanding the relevant cation-exchange processes (Barri and Rees, 1980; Franklin 
and Townsend, 1985a; Franklin and Townsend, 1985b). Coker and Rees (2005) 
investigated the kinetics of binary ion exchange of Ca2+ and Mg2+ in quasicrystalline and 
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crystalline zeolite A and found that the diffusion rates of calcium and magnesium ions in 
the crystalline zeolite A were relatively faster than that in the quasicrystallines precursors.  
Another important area where high ion-exchange properties of zeolites are exploited  is 
the trapping and removal of heavy cations such as Pb2+, Sr2+, Ba2+, Cs2+, Cr3+, and other 
cations from contaminated waste water. This application of zeolites to environmental 
pollution control has received very little attention, which might due to the necessary 
requirement for a low pH solution. Hui et al. (2005) found that the selectivity sequence of 
zeolite A depends on the initial concentration of the metal ions and the initial pH of the 
solution. They reported the sequence as Cu2+ >Cr3+ >Zn2+ >Co2+ >Ni2+ at the tested 
concentration of 300 mg/L. El-Rahman et al. (2006) reported that the selectivity sequence 
from aqueous solution by synthetic zeolite A is Sr2+ >Ca2+ >Mg2+ >Cs+ >Na+.  
Hashemian et al. (2013) also investigated the adsorption behavior of Fe3+ by synthesized 
zeolite A and found that a contact time of 60 min and a pH of 6 would be the best 
condition for removing iron. 
Among the different cation exchanged zeolites, the NH4
+ exchanged zeolites play 
important roles as catalysts in chemical and material industries due to their unique 
proprieties such as strong Brønsted acidity, high surface area, and shape selectivity. 
Generally, the catalytically active sites, namely, Brønsted acidity, can be formed by a 
hydroxyl group that bridges framework Al and Si atoms (Si-OH-Al). Considerable 
attention has been paid to obtain the Brønsted acid sites by heating ammonium-
exchanged zeolites. However, the heating of ammonium-exchanged zeolites could also 
lead to the breakdown of the framework due to removal of aluminum from the framework 
(dealumination). For Si-rich (Si/Al > 2.0) zeolites, the deammoniation process (removal 
of NH3) and the dehydroxylation process (removal of framework OH groups) are well 
separated. Generally, the deammoniation occurs between 250 and 450?C whereas 
dehydroxylation occurs between 500 and 700?C (Beyer et al., 1977; Weeks et al., 1975). 
For instance, ammonium-exchanged zeolite Y (Kerr, 1969) could obtain the hydrogen 
forms of zeolite or even can attain an ultrastable status during the calcination process. For 
Al-rich zeolites (Si/Al < 2.0), it has been shown in experiment and quantum-chemical 
calculations that the protonated framework is unstable (Barthomeuf, 1987; 
Pelmenschikov et al., 1992). Chu and Dwyer (1980) reported that NH4X samples lost an 
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appreciable amount of crystallinity below 200?C. Kühl and Schweizer (1975) 
investigated that the partially NH4
+exchanged zeolite X showed that zeolite X remains 
thermally stable if Na/Al atomic ratio is at least approximately 0.6.             
In this study, the crystal structure and thermal stability of K+, NH4
+ and partially NH4
+ 
exchanged zeolite A were investigated.  
 
1.3.3 Adsorbents  
According to the molecular sieving properties, zeolites are used as adsorbents because of 
their uniform micropores that allow small molecules to enter while blocking larger 
molecules. Zeolites act as selective regenerable adsorbants, and play an important role in 
the separation and purification of industrial pollutants.  
The adsorption behavior of zeolites can be influenced by the following factors. The first 
factor is the size of the pores. For zeolite A, it has a pore diameter of 4 Å, which is just 
between the molecular size of O2 and N2 (O2: 3.8 Å ? 2.8 Å; N2: 4.2 Å ? 3.2 Å). 
Therefore, zeolite 4A membranes have a good application for air separation (Wang et al., 
2002). Alkane/alkene separation by using zeolite A was also studied by Granato et al. 
(2007). Owing to the high extraframework atoms, Na could be exchanged by calcium and 
potassium. When 75% of Na+ is substituted by K+, the effective diameter of pore is 
approximately 3 Å and it is denoted by zeolite 3A. Alternatively, if the Na+ is substituted 
by Ca2+, it produces zeolite 5A. Zeolite K-A is widely used in ethanol drying processes 
because the micropores are so small that the alcohol cannot penetrate (Carmo and 
Gubulin, 2002). Zeolite 5A has been used to separate CO2 from several gas mixtures 
(Harlick and Tezel, 2004; Yin et al., 2005). Yang et al. (1997) found that the zeolite 5A 
molecule sieve can produce highly pure H2 by the adsorption of CH4 and CO impurities. 
The second factor is the interactions of the guest molecules with the framework atoms. In 
aluminum-rich zeolites (such as zeolite A), the abundance of negative framework charges 
is balanced by cations that make electrostatic interactions predominant. In contrast, in 
silicon-rich zeolites, the high amount of silicon increases the hydrophobic characters, 
therefore high van der Waals interactions was the master for the adsorption behavior. In 
addition, the pore topology is also considered to be an important factor to influence the  
adsorbent behaviors (Krishna and van Baten, 2013).
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2.1 Objectives 
Zeolite A was widely used in industry as water softeners in detergents (removing calcium 
and magnesium) and catalysts due to its excellent ion exchange capacity and adsorption 
behavior. The Si/Al ratio of LTA framework is close to 1. The high amount of Al in 
framework give rise to the negative charges that require more extraframework cations to 
neutralize. These extraframework cations that lived in the channel of zeolite A can be 
easily substituted by different valent cations. The chemical properties such as thermal 
stability are also influenced after different cations exchange. Especially the NH4
+ 
exchanged zeolites draw more and more attention due to the introduce of catalytically 
active sites after the removal of NH3. Most work was devoted to study the stability of 
NH4
+ exchanged Si-rich zeolites (such as zeolite Y). Hence, it is significant to investigate 
the NH4
+ exchanged Al-rich zeolite A and the thermal stability.  
In addition to the cations, water molecules are also present in zeolite channels. The effect 
of water molecules can be divided in two aspects. One effect is to complete the 
coordination of the cations. Another is to decrease the electrostatic repulsion between 
framework oxygens (Higgins et al., 2002). Generally, water molecules are coordinated to 
adjacent water and zeolitic framework atom and extraframework cations by hydrogen 
bonds and ion-dipole interactions (Crupi et al., 2006). The existence of water molecules 
in zeolite has an important influence on the position of exchangeable cations and yields 
different properties of zeolite. Therefore, a detailed knowledge of water and cation 
position can be useful and is necessary to complete the description of crystal structure of 
cation exchanged zeolite A.   
One important part of this thesis is to determine the crystal structure of different cation 
exchanged hydrated zeolite A including the description of the position of cations and 
water molecules. Another part is to study the thermal stability of zeolite A after different 
cation exchange (such as K+ and NH4
+ exchange). Meanwhile, an further study is 
continued to the previous work (Fischer et al., 2012), which pointed out that the lattice 
patter a of synthetic zeolite A decreased, whereas the crystal size increased upon 
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increasing the TEA concentration during synthesis process. Some heavy atoms (Ba2+ and 
Sr2+) exchanged zeolite A were prepared to interpret the lower X-ray diffraction intensity 
after heavy atoms exchange was due to the high absorption coefficient for X-rays. 
   
Objective 1: Investigate the thermal stability and crystal structure of hydrated K+ 
exchanged zeolite A  
Prepare the pure powder and single crystal of K+ exchanged zeolite A. Refine the crystal 
structure of hydrated K-A in space group F m 3¯ c by single-crystal X-ray diffraction data. 
Investigate the thermal behavior at different temperature in air and under vacuum 
conditions by powder samples.  
 
Objective 2: Investigate the thermal stability of partially NH4+ exchanged zeolite A and 
crystal structure of hydrated NH4+ exchanged zeolite A 
Prepare different amount of K/NH4 exchanged zeolite A and investigate the thermal 
stability under different atmosphere (air and vacuum). Describe the water and NH4
+ 
positions in NH4
+ exchanged zeolite A in space group F m 3¯ c by single-crystal X-ray 
diffraction data.  
 
Objective 3: Investigate the influence of TEA on synthesized zeolite A and crystal 
structure of heavy atom exchanged zeolite A.  
The different zeolite A samples were synthesized based on different amount of TEA. It 
was found in the previous work (Fischer et al., 2012) that lattice parameter a decreased 
with increasing the concentration of TEA. Different spectroscopy methods were 
employed to investigate these zeolite samples to find out the TEA effect. In addition, the 
effect of heavy atoms on the X-ray diffraction intensity of zeolite A was also studied. 
 
2.2 Thesis outline 
In this work, investigation of different cation exchanged zeolite A were the main task. 
For these results, the writing part were done by Li Wang based on the discussions from 
coauthors. The detail contributions were explained separately in the following. 
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(1) Powder and single-crystal K+ exchanged zeolite A  
All the sample preparation and sample measured by X-ray diffraction were done by Li 
Wang. The X-ray fluorescence analyses (XRF) were performed by Bernhard Schnetger 
(University of Oldenburg). The microprobe analyses for the single crystal were 
performed by Lennart A. Fischer, Karsten Goemann, Sandrin T. Feig (University of 
Tasmania, Hobart, Australia) and Dr. Andreas Klügel (University of Bremen). The 
thermal analyses (TG-DSC) measurements were done by Johannes Neumann (IFAM in 
Oldenburg). The crystal structure refinements for both single crystals and powder data 
were done by Li Wang with support from Prof. Reinhard X. Fischer and Dr. Johannes 
Birkenstock. All the data evaluation from XRF, EMPA and TG-DSC results was done by 
Li Wang with support from Dr. Iris Spieß, and Prof. Reinhard X. Fischer.  
All the results in this section are based on the manuscript “The thermal stability and 
crystal structure of zeolite K-A”, which is in preparation for publication.  
 
(2) Powder and single-crystal NH4+ exchanged zeolite A  
All the sample preparations and sample measurements by X-ray diffraction were done by 
Li Wang. The characterization of TG-FTIR was performed by Johannes Neumann (IFAM 
in Oldenburg). The X-ray fluorescence analysis were performed by Bernhard Schnetger 
(University of Oldenburg). The single-crystal structure refinement was done by Li Wang 
with support from Prof. Reinhard X. Fischer and Dr. Johannes Birkenstock. The data 
evaluation for TG-FTIR and XRF were done by Li Wang with support from Dr. Iris 
Spieß and Prof. Reinhard X. Fischer.  
All the results in this section are based on the manuscript “The thermal stability and 
crystal structure of zeolite NH4-A”, which is in preparation for publication.  
 
 
(3) The TEA effect and heavy atoms exchanged zeolite A 
The sample syntheses were done by Li Wang and Malik Šehović. The XRF were 
performed by Bernhard Schnetger (University of Oldenburg). All the other analyses 
including powder X-ray diffraction (University of Bremen), Infrared spectroscopy 
(University of Bremen) and UV/vis spectroscopy (University of Bremen) were discussed 
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with Prof. Reinhard X. Fischer and Dr. Iris Spieß. The writing part was done by Li Wang 
based on the discussions. 
All the results in this section are based on two manuscripts, which are in preparation for 
publications.  
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Chapter 3    Material and methods 
 
3.1 Synthesis 
In this study, most of the lab works are focused on the synthesis of different cation 
exchanged zeolite A. For all the powder samples and the single-crystal samples, the 
preparations were done using static methods. Powder samples of zeolite A (idealized 
composition Na12Al12Si12O48·27H2O) were used as starting material. For the K
+ and NH4
+ 
exchanged zeolite A, the parent Na-A was supplied from Degussa. For heavy atoms 
exchanged zeolite A, the original zeolite was synthesized in the laboratory using 
Charnell’s methods (Charnell, 1971). The single crystals zeolite Na-A (size up to 80 μm) 
are kindly supplied from Karl Seff. The raw materials that used during the sample 
preparation are listed in Table 3.1. 
 
Table 3.1 The raw materials used during the sample preparation 
Materials purity Company  CAS number 
Na2SiO3?9H2O ?98% Sigma-Aldrich 13517-24-3 
NaAlO2 ?99.95% Sigma-Aldrich 11138-49-1 
Triethanolamine ?99% Sigma-Aldrich 102-71-6 
NH4NO3 ?95% Merck Millipore 6484-52-2 
KCl2 ?99% Sigma-Aldrich 7447-40-7 
BaCl2 ?99% Sigma-Aldrich 10326-27-9 
Ba(NO3)2 ?99% Sigma-Aldrich 10022-31-8 
SrCl2 ?99% Sigma-Aldrich 10025-70-4 
 
3.1.1 K+ and NH4
+ exchanged single crystal Na-A 
The single crystals were synthetized by Charnell’s method (Charnell, 1971) and provided 
for these studies. For K+ exchanged zeolite A, single crystals of Na-A (cube shaped with 
an edge length of 0.08 mm) were placed into the 1M KCl solution for 5 days at 80?C. 
The resulting colorless crystals were mounted on the tip of a glass fiber for further 
characterization. For NH4
+ exchanged zeolite A, single crystals of Na-A were contract 
with 1M NH4
+ solution for two days at ambient temperature. The NH4
+ exchange solution 
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was prepared by solving NH4NO3 into ammoniacal solution to avoid the H3O
+ generation 
during exchange process. Then the crystals were mounted on tip of glass fiber. The data 
collection for X-ray diffraction start immediately after fixing the crystal and the result 
was abbreviated as NH4-A_0d. The crystal was stored at room temperature for 16 days 
and the data was collected again. The obtained data was accordingly labeled as   
NH4-A_16d. 
 
3.1.2 K+ and NH4
+ exchanged powder Na-A 
The preparation method for K-exchanged samples was described by Lührs et al. (2012). 
Exchange was performed in a KCl solution for a total of six times. The obtained white 
solid product was filtered and washed carefully by doubly distilled water and dried at 
50?C yielding the final product of zeolite K-A.  
Powder samples of dehydrated K-A were obtained at 500?C for 12 h under vacuum 
conditions. The sample stored in air for 2 days at ambient temperature yielded rehydrated 
K-A. 
The completely NH4-exchanged samples (denoted as NH4-A) were prepared by static 
methods. Powder zeolite A was put into NH4NO3 solution and maintained for 12 h. The 
solid was separated by filtration and again contacted with the fresh NH4NO3 solution for 
a total of eight times. The final samples were dried at 40?C to avoid NH3 dissociation 
from ammonium cations.  
The intermediate compositions between completely K-exchanged and NH4-exchanged 
zeolite A are also obtained by static methods. Powder samples of K-A (produced from 
Na-A) were contacted with different concentrations of NH4NO3 solution for 12 h at 60?C. 
The separated solid was dried at 40?C in case of NH3 evaporation. The chemical 
compositions of intermediate samples were determined by X-ray fluorescence. They are 
denoted as K9.6-A and K7.8-A, respectively.  
 
3.1.3 Zeolite Na-A with different amount of TEA 
Powder samples of zeolite Na-A were synthesized using a modified procedure after 
Charnell (Charnell, 1971) with various concentrations of TEA. The precursors were 
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consisted of aluminate and silicate solution mixed with different amount of TEA, 
respectively. The details for the preparation were described in the previous work (Fischer 
et al., 2012). The synthesized zeolite A was denoted according to the concentration of 
TEA. For example, NaA_0.25 means the sample was synthesized with 0.25 mol/L TEA. 
Another experiment about zeolite A synthesized with 0.25 mol/L TEA was repeated. The 
only difference is the mixing precursors were transformed into autoclave instead of 
polypropylene bottles. This sample was denoted as NaA_0.25_a. 
 
3.1.4 Ba2+ and Sr2+ exchanged Na-A 
The synthesis method of zeolite Na-A was similar as the previous report (Fischer et al., 
2012). The only difference is that the sealed autoclave instead of polypropylene bottle 
was used as container for the mixture of sodium metasilicate and aluminate solution. To 
obtain completely Ba2+ exchanged zeolite A, powder zeolite A was contacted with 
Ba(NO3)2 and BaCl2 solution at 65?C for a total of eight times. This sample was noted as 
Ba-A. Sr2+ exchanged zeolite A was prepared through placing parent zeolite Na-A into 
fresh SrCl2 solution for a total of six times. After exchange, the solid was separated from 
the liquid by filtration and washed with doubly distilled water. Finally, the products were 
dried at 60?C for overnight. The details for the Ba2+ and Sr2+ exchanged conditions are 
presented in Table 3.2. 
 
Table 3.2. The exchange process of Ba2+, Pb2+ and Sr2+ exchanged zeolite A 
 
Samples 
Sequence 
of refresh 
times 
Salt 
solution 
concentration 
of solution 
Solid/liquid 
ratio 
Temperature interval 
time 
 
 
 
Ba-A  
1st-4th Ba(NO3)2 0.1M 1/25 338K  12h 
5th BaCl2 0.1M 1/50 338K  12h 
6th BaCl2 0.002M 1/20 338K  12h 
7th BaCl2 0.04M 1/30 338K 12h 
8th BaCl2 0.04M 1/40 338K 12h 
 Sr-A 6 SrCl2 0.1M 1/50 298K 24h 
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3.2 Analytical methods  
The analytical methods including diffraction and spectroscopic techniques are employed 
for this study. Among the different analytical methods, the powder and single-crystal X-
ray diffraction experiments and thermal analysis under synthetic air were performed in 
the group of Crystallography, FB05 Geosciences, University of Bremen. Other 
instruments are introduced in the sections below. 
 
3.2.1 Single-crystal X-ray diffraction  
A Bruker AXS D8 VENTURE diffractometer equipped with a KAPPA four-circle 
goniometer with a curved graphite crystal TRIUMPH as monochromator and a PHOTON 
100 detector based on CMOS (Complementary Metal Oxide Semiconductor) technology 
with an active area of 100 cm2 (Kα1, λ = 0.7093 Å; Kα2, λ = 0.7136 Å) was used for data 
collection at ambient temperature. For data collection of single crystal zeolite K-A and 
zeolite NH4-A, each reflection was scanned with a speed of 0.5°/f and 80 s/f. The data 
was collected in a full sphere at the beginning and integrated all the reflections using 
large unit cell. Multiscan absorption correction was applied on the data.  
 
3.2.2 Powder X-ray diffraction 
X’pert: 
The temperature-dependent X-ray diffraction measurements were performed on a Bragg-
Brentano PANalytical X’Pert MPDPRO diffraction system, equipped with a high-
temperature chamber HTK 1200N (Anton Paar Co.), Cu-Kα radiation (λ = 1.5418Å), ¼ 
fixed divergence, primary and secondary Soller slits with 0.04 rad aperture, secondary 
Ni-filter and X’Celerator detector system (127 channels, channel width 0.01671 o2θ).  
Measurements for sample K-A and intermediate samples were performed from 30?C to 
1000?C during heating with a rate of 20°C/min in air and under vacuum conditions, 
respectively. Only NH4-A were performed in steps of 10?C from 30?C to 220?C. Under 
vacuum conditions, the sample was put into the chamber and then the pump started 
immediately. After one hour, the pressure in the chamber achieved 10-4 mbar, the data 
collection was started. Before the isothermal data collection at each temperature, the 
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sample was equilibrated for 5 min. Scanning was performed in the range from 3–120 °2θ, 
with a step width of 0.01672 °2θ. 
 
PW1800: 
For heavy atoms exchanged zeolite A, the data was collected on the Philips PW1800 
diffractometer with Bragg-Brentano geometry, equipped with a PW1711 proportional 
detector, a graphite monochromator and Cu-Kα radiation.  
 
3.2.3 X-ray fluorescence (XRF) 
The chemical composition of the powder sample of zeolite K-A was analyzed by X-ray 
fluorescence spectroscopy (Panalytical Axios Max), equipped with a Rh (4kW maximal 
power) X-ray tube. This experiments were carried out in University of Oldenburg. 400 
mg of powder samples were mixed with 4.5 g lithium tetraborate before measurements. 
For zeolite K-A, the analyzed elements were Na, K, Si and Al. The result indicated that 
the all Na+ was completely exchanged by K+ since no Na+ was detected. The chemical 
composition was K88.2Al94Si98O384 without considering water content. For zeolite NH4-A 
and intermediate samples, since XRF cannot quantify light element such as nitrogen and 
oxygen, the elements analyzed were Na, K, Si and Al in the powder samples. The results 
are shown in the results and discussion section (Chapter 4). 
 
3.2.4 Thermal analyses (TG) 
Thermogravimetric analyses were performed on a Netzsch 449 F3 Jupiter (Netzsch) STA 
apparatus. Under synthetic air (80% N2, 20% O2), samples (20 mg) zeolite K-A were 
heated from ambient temperature to 800?C with heating and cooling rate of 10 K/min and 
a controlled gas flowed with a rate of 20 ml/min. An empty corundum crucible was used 
as a reference.  
 
3.2.5 In situ thermogravimetric analyses coupled with Fourier transform 
infrared spectroscopy (TG-FTIR) 
The TG–FTIR analyses were performed using simultaneous thermogravimetry (Netzsch 
STA 449 F3 upiter) coupled with FTIR spectrometer (Bruker Tensor 27). The samples 
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were first maintained at 35?C for 2 h under Ar gas with a flow rate of 20 ml/min. Later 
the samples were measured at a heating rate of 5 K/min under vacuum in the temperature 
range of 35–800?C. Although some different ionic species were produced during heating 
process, in this work, only water and ammonia were specially studied. The qualitative 
determination of NH3 and H2O removed from the NH4
+ exchanged zeolite A during their 
thermal decomposition was carried out by gas IR spectroscopy. All the experiments were 
done in the Department of Elec. Energy Storage, Fraunhofer Institute for Manufacturing 
Technology and Advanced Materials IFAM, Oldenburg. 
 
3.2.6 Electron microprobe analyzer (EMPA) 
Electron microprobe analyses were performed to do the elemental analysis for single 
crystal K+ exchanged zeolite A. The crystal was mounted in epoxy and polished to 
expose their cross-section and coated with a thin carbon film to avoid charge 
accumulation. The same single crystal was measured with two different instruments to 
check the accuracy of the chemical composition. Analyses at the University of Tasmania, 
Hobart, Australia were performed with a CAMECA SX-100, which equipped with 5 
tunable wavelength dispersive spectrometers, an acceleration voltage of 15 kV, a beam 
current of 10 nA and a beam diameter of 10 μm. Raw data were corrected with the 
software “Probe for EPMA”, “ZAF” matrix (Armstrong, 1988) and the intensity data was 
corrected for time dependent intensity (TDI) loss. The counting time was 6s for Si and Al, 
10s for Na and K, and 20s for Ca, respectively. The standards were clinopyroxene for Si 
and Ca, plagioclase for Al, anorthoclase for Na, and microcline for K, respectively. The 
general chemical formula was obtained by averaging 10 points analyses. Insignificant 
amounts of Ca, which are possibly from the exchange KCl solution, were also detected 
by electron microprobe analysis without showing in the chemical formula. 
Another measurement was performed in CAMECA SX-100 electron microprobe at the 
group of Petrophysics Geochemistry, FB05 Geoscience, University of Bremen. This 
measurement was performed at operating voltage of 15 kV, a beam current of 4 nA, and a 
beam diameter of 5 μm. The detailed discussion for these results are discussed in section 
4.1.1.   
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3.2.7 Scanning electron microscopy and energy dispersive X-ray spectroscopy 
(SEM/EDX) 
The scanning electron microscopy (SEM) micrographs and the energy dispersive X-ray 
spectroscopy (EDX) data were performed on JMS-6510 instrument equipped with X-
Flash detector 410-M operated at an accelerating voltage of 20 kV. This experiment was 
performed in group Chemical Crystallography of Solids, FB02 Biology/Chemistry,  
University of Bremen. 
 
3.2.8 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR measurements were performed on Nicolet Nexux 8700 FTIR spectrometer (Thermo 
Electron corporation, Madison, WI), which equipped with the Smart iTRTM (ATR) 
sampling accessory. The powder samples were mixed with KBr (in a mass ratio of 1:250) 
and pressed into tablets for FTIR measurements. The samples were measured under air 
conditions at room temperature with the wave number range of 4000–400 cm-1 at 4 cm-1 
resolution. All the experiments are used the instrument in University of Jacobs.  
 
3.2.9 Ultraviolet-visible Spectroscopy (UV/vis) 
UV/vis spectra of various samples were obtained on a Shimadzu UV/vis 
spectrophotometer UV-2600 ? which equipped with ISR-2600 plus two-detector 
integrating sphere. The reference is BaSO4. The wavelength was ranging from 185 nm to 
1400 nm. The spectra of different samples were taken at ambient conditions without any 
special precautions. This experiment was performed in the Department of Production 
Engineering, FB04 IWT, University of Bremen. 
 
3.2.10 Raman Spectroscopy  
One single crystal of zeolite K-A was measured by Raman Spectroscopy. The spectra 
were performed on a Horiba LabRam Aramis spectrometer. Data collection was started 
from 100cm-1 to 4000 cm-1 Raman shift at room temperature. This experiment was 
performed in group Chemical Crystallography of Solids, FB02 Biology/Chemistry, 
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University of Bremen. The figure of the Raman spectroscopy was not shown in this thesis 
but discussed in Chapter 4. 
 
3.2.11 Computer programs used 
The Rietveld refinements for powder samples were performed with the programs BRASS 
(Birkenstock et al., 2012) and Topas (Bruker, 2009). The structure refinements of single 
crystals were performed with the SHELXL-97 program (Sheldrick, 2008). The 
visualization of the crystal structure were performed in program VESTA (Momma and 
Izumi, 2011) and STRUPLO (Fischer and Messner, 2010). For the evaluation of the 
thermal analyses the Netzsch software was used (NETZSCH, 2010). 
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4.1 K+ exchanged zeolite A (K-A) 
In this section, the crystal structure and thermal stability of zeolite K-A were investigated 
based on single-crystal and powder data. About 90% of the crystal structures of zeolite A 
are described in space group P m 3¯ m which was first reported by Reed and Breck (1956). 
However, the true space group is assumed to be F m 3¯ c with an ordered distribution of Si 
and Al and a doubled lattice parameter a (Gramlich and Meier, 1971). In addition, space 
groups R 3¯ c (Bennett et al., 1983) and F m 3¯ m (Armstrong et al., 1994) were assigned to 
LTA type compounds with partial ordering of Na and K, respectively.  
In fully hydrated zeolite K-A, water molecules and K+ have similar distances to 
framework oxygen atoms (about 3 Å), thus it is difficult to distinguish between K+ and 
H2O by crystal-chemical considerations. Therefore, most of the previous work was 
devoted to describing the structure of the dehydrated K+ exchanged zeolite A. Pluth and 
Smith (1979) described the crystal structures of dehydrated zeolite K-A proving the 
absence of zero-coordinated potassium as reported before. Adams and Haselden (1983) 
studied the dehydrated  partially K+ exchanged zeolite A based on neutron powder 
diffraction in space group F m 3¯ c with three K+ and one Na+ position. Sun and Seff 
(1993) investigated the location of cationic tetrahedral K4
 and/or trigonal K3 clusters 
formed by over exchange under potassium metal vapor. To our knowledge, the first 
structure description of hydrated zeolite K-A was reported by Leung et al. (1975). They 
studied both the hydrated and dehydrated zeolite K-A based on single-crystal X-ray 
diffraction methods in space group P m 3¯ m. In the hydrated structure, K+ is distributed 
inside the large cage, found near the center of the 8-ring and near the center of the unit 
cell. Water molecules were distributed in both the toc unit (for designations see Smith 
(2000); also named sodalite cage or ? cage) and the large grc (? cage) cavity.  
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4.1.1 EMPA analysis 
The EMPA analyses of K+ exchanged zeolite A yielded a chemical composition of 
Na9.3K61.9Al95.36Si96.6O384 which is not charge balanced. The water content was not 
determined. The results showed that approximately 25% positive charges are missing in 
zeolite K,Na-A. The microprobe analysis was repeated on a different instrument on the 
same single crystal to check the precision of the result. However, the second 
measurement still indicated that more than 25% positive charges are missing.  
Based on the results, two assumptions for the missing positive charges were inferred in 
this work. One assumption is that positively-charged H3O
+ that cannot be detected by 
EMPA was incorporated in the structure. To check whether H3O
+ exists or not, Raman 
spectroscopy was used on measuring the single crystal K-A. Four different locations from 
the single crystal were selected for the data collection. Generally, frequencies around 
1135 cm-1, 1680 cm-1, and 2800 cm-1 are assigned to H3O
+ (Ronald W.T. Wilkins et al., 
1974). However, there are no typical stretching and bending bands for H3O
+ in the zeolite 
K,Na-A.  
Another hypothesis for the missing positive charges could be that alkali ions especially 
Na are lost under the intense electron beam. Pluth and Smith (1979) reported that the 
monovalent alkali ions are very mobile compared with multicharged ions, therefore, the 
microprobe analysis on the element sodium and potassium might be unreliable. In their 
work, they focused on the analysis of Si, Al, and Ca rather than of Na and K. Similarly, 
in this work, the mobility of Na and K under the electron beam could also lead to a partial 
loss. The loss of Na and K can be reduced to a minimum level through the analytical 
setting such as operating with low beam currents and large beam diameters or monitoring 
intensities over time in case of decreasing. In this case, the TDI correction provided by 
the “Probe for EPMA” software package was used. However, it seems that the monitored 
intensities did not show a decrease with time in this measurement. In other words, all the 
detected elements were collected. Therefore, it is also possible that the H3O
+ (if exist) 
partially decreased due to the protonation effect during the measurements.  
Up to now, it is still an open question which hypothesis is the proper interpretation for the 
missing positive charges. It still needs more work to be answered. 
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Although the contents of Na and K are unreliable, the analysis on the multicharged ions 
Si and Al was still helpful. For years, it is a controversial issue for determining the exact 
chemical composition of zeolite A (summarized in Chapter 1). Different methods such as 
electron microprobe analyses (Pluth and Smith, 1979), 29Si NMR-spectroscopy 
(Blackwell et al., 1985) and proton inelastic scattering (Hanson et al., 1987) were 
employed to determine the Si/Al ratio. All these methods indicated that the Si/Al ratio in 
zeolite A prepared following Charnell’s method (Charnell, 1971) is higher than one. In 
this work, the electron microprobe analysis shows that the Si/Al ratio is 1.01(3).  
In conclusion, it is worth noting that in our present work the chemical composition of 
Na33.46K61.9Al95.36Si96.6O384, that is to say the missing charge was due to the undetected 
Na+, was preferred to compare with the following structure refinement.  
 
4.1.2 Single-crystal structure refinement  
The single-crystal structure was refined using the SHELXL-97 program (Sheldrick, 2007) 
in space group F m 3¯ c. Crystal structure projections were performed with the program 
STRUPLO (Fischer and Messner, 2010). All the details of the refinement are listed in 
Table 4.1.  
The original single-crystal Na-A was provided by Karl Seff (Hawaii). Initial framework 
atomic parameters for the refinements were taken from the single-crystal studies of 
Gramlich and Meier (1971). Isotropic refinement of the framework atoms converged to 
the indices R1 = 0.3590 for 643 Fo> 4 sig (Fo) and weighed R2 = 0.7560. The initial 
difference Fourier maps revealed one large peak position at (0.131, 0.131, 0.131) with 
highest maximum at 19.06 e/Å3. This position was defined as K1. Subsequent difference 
Fourier maps revealed two positions of (0.0496, 0.0496, 0.0496) and  
(0.1327, 0.1327, 0.25) for water molecules and one position (0.0324, 0.2289, 0.2212) for 
K2. Since Na+ was not completely exchanged by K+ in this single crystal sample, it is 
possible that K1 and K2 position are mixed occupancy. However, the refinement results 
showed that no occupancy for sodium if K2 position was considered to be a mixed 
position. In this refinement, the K1 position was considered to be occupied by Na+ and 
K+. After introducing the nonframework atoms, the isotropic refinement converged to the 
indices R1 = 0.1576 for 643 Fo> 4 sig (Fo) and weighed R2 = 0.5589. The refinement with 
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anisotropic thermal parameters for all atoms revealed that the water position at  
(0.13, 0.13, 0.25) should be split into two separate positions (OW2 and OW3).  
 
Table 4.1 Data collection and refinement parameters for zeolite K,Na-A. 
Crystal data Zeolite K,Na-A 
Crystal system cubic 
Lattice parameter a [Å] 24.5714(8) 
Unit cell volume[Å3] 14835.054 
Space group F m 3¯ c (No. 226) 
Z 1 
Crystal dimensions [mm3] 0.08×0.08×0.08 
Maximum 2θ range [o] 54.99 
T for data collection [K] 293 
Reflection range -31≤ h ≤31 
 -31≤ k ≤31 
 -31≤ l ≤31 
No. of measured reflections 174177 
No. of unique reflcetions 777 
No. of reflections [Fo>4σ(Fo)] 643 
Inconsistent equivalents 0 
Rint 0.0427 
R1 [Fo>4σ(Fo)] b 0.1213 
R1(all data) b 0.1269 
wR2 (all data) c 0.4711 
No. of least-squares parameters 62 
Weighting parameter ad 0.2 
Goodness of fit 2.304 
Final ∆ǫmin[e-/ Å3] -1.03(1.65 Å from O3) 
Final ∆ǫmax[e-/ Å3] 2.75 (2.08 Å from OW1) 
a: The number of water molecules were derived from thermal analysis of powder  
    sample zeolite K-A. 
b: R1 = ? ||Fo| - |Fc||/? |Fo|                         
c: wR2 = (? (w(Fo2 - Fc2)2) / ? (w(Fo2)2))1/2 
d: w = 1/(?2(Fo2)+(aP)) P = (2Fc2+max (Fo2, 0))/3 
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In the final refinement, simultaneous position, occupancy and anisotropic refinement of 
all but OW2 and OW3 which were refined isotropically, decreased the R1 to 0.1213 and 
weighted R2 to 0.4711. The highest peak in the Fourier maps was at (0, 0, 0). Refining 
this position yielded distance of 2.08 Å to OW1, which was too close to water molecules. 
The deepest peak in the final difference Fourier map appeared at (0.0000, 0.0447, 0.2502) 
(–1.03 e/Å3) which was too close to framework O3 (1.65 Å). All shifts in the final cycles 
of refinement were less than 5% of their corresponding estimated standard deviations.  
 
4.1.3 Single-crystal structure analysis 
The refinement results and selected interatomic distances and angles are presented in 
Table 4.2 and Table 4.3. Distances and angles between atoms are calculated by program 
STRUPLO (Fischer and Messner, 2010).  
The distances of Al-O and Si-O are similar to the corresponding distances in the hydrated 
zeolite Na-A (Fischer et al., 2012). The mean distance of Si-O is 1.612 Å indicating full 
occupancy by Si. The mean distance of Al-O was calculated to be 1.713 Å which is 
slightly shorter than the expected value of 1.746 Å (Baur and Ohta, 1982). The shorter 
distance might indicated that Al1 position is partially occupied by Si, which conforms to 
the microprobe analysis yielding a Si/Al more than one.  
 
Table 4.2 Atomic position, Wyckoff positions, site occupancies and anisotropic displacement parameters.        
OW denotes water molecules. Numbers in parentheses are the estimated standard deviation. 
Atom Wyckoff site x y z Occ. 
Si1 96i 0 0.09246(8) 0.18503(8) 1 
Al1 96i 0 0.18610(9) 0.09034(8) 1 
O1 192j 0.0538(3) 0.0574(2) 0.1713(4) 1 
O2 96i 0 0.1470(2) 0.1480(2) 1 
O3 96i 0 0.1117(4) 0.2474(2) 1 
K1 64g 0.1297(1) 0.1297(1) 0.1297(1) 0.45(6) 
Na1 64g 0.1297(1) 0.1297(1) 0.1297(1) 0.55(6) 
K2 192j 0.039(1) 0.2254(7) 0.2242(7) 0.125 
OW1 64g 0.0488(4) 0.0488(4) 0.0488(4) 0.72(4) 
OW2 192j 0.125(1) 0.141(1) 0.249(1) 0.26(3) 
OW3 192j 0.167(3) 0.105(3) 0.250(2) 0.23(5) 
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Atom U11 U22 U33 U23 U13 U12 Ueq[Å
2] 
Si1 0.018(2) 0.016(2) 0.015(2) 0.0036(7) 0.0000 0.0000 0.016(1) 
Al1 0.017(2) 0.015(2) 0.015(2) 0.0040(7) 0.0000    0.0000 0.015(1) 
O1 0.034(3) 0.035(3) 0.083(5) 0.024(3) 0.023(3) 0.013(2) 0.051(2) 
O2 0.047(3) 0.017(3) 0.016(3) 0.001(3) 0.0000 0.0000 0.027(2) 
O3 0.12(1) 0.028(4) 0.023(4) -0.002(2) 0.0000 0.0000 0.056(4) 
K1 0.031(2) 0.031(2) 0.031(2) 0.006(1) 0.006(1) 0.006(1) 0.031(2) 
Na1 0.031(2) 0.031(2) 0.031(2) 0.006(1) 0.006(1) 0.006(1) 0.031(2) 
K2 0.07(1) 0.07(1) 0.07(1) -0.03(1) -0.028(8) -0.033(9) 0.068(6) 
OW1 0.032(5) 0.032(5) 0.032(5) 0.007(3) 0.007(3) 0.007(3) 0.032(5) 
OW2       0.030(8) 
OW3       0.05(1) 
 
 
Table 4.3 Selected interatomic distances and angles. 
 Distances [Å]  Angles [o]  Distances [Å] 
Si-O1 2× 1.612(6) Si-O1-Al 145.7(5) K1-O1    3× 2.771(7) 
Si-O2 1.619(6) Si-O2-Al 158.3(4) K1-OW2 3× 2.97(1) 
Si-O3 1.604(5) Si-O3-Al 145.1(7) K1-OW2  3× 2.98(1) 
Mean 1.612 Mean  148.7 K2-O2  2.85(2) 
Al-O1  2× 1.712(6) O3-Si-O1 110.9(4) K2-O3  3.00(2) 
Al-O2  1.712(6) O3-Si-O2 107.1(4) K2-O3 3.01(2) 
Al-O3 1.715(6) O1-Si-O1 110.1(3) K2-K2 2.59(3) 
Mean 1.713 O1-Si-O2 108.9(3) K2-K2   2× 1.24(3) 
O1-O1(Si) 2.642(9) Mean  109.5 K2-K2    1.75(3) 
O1-O2    2× 2.629(8) O3-Al-O1 111.2(3) K2-K2 1.91(4) 
O1-O3   2× 2.649(10) O3-Al-O2 106.4(4) K2-K2   2 × 2.28(4) 
O2-O3 2.592(8) O1-Al-O1 111.0(3) K2-OW2  2.99(3) 
Mean  2.632 O1-Al-O2 108.4(3) K2-OW2 3.02(3) 
O1-O1(Al) 2.823(8) Mean  109.43 K2-OW3 3.13 (4) 
O1-O2    2× 2.777(8)   K2-OW3 3.15(4) 
O1-O3    2× 2.829(10)   OW1-O1  3× 3.02(1) 
O2-O3 2.744(7)   OW1-OW1  3× 2.40(1) 
Mean 2.797   OW2-O3 3.20(2) 
    OW2-O1 3.37(2) 
    OW3-O3 2.94(4) 
    Numbers in parentheses are the estimated standard deviation. 
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Fig. 4.1 Coordination environment of K1 and K2. 
 
In fully hydrated zeolite K,Na-A, the K+ ions occupy two different sites. The 
coordination environment for K+ position was shown in Fig. 4.1. The K1 position is 
located inside the big grc unit along the 6-fold axes and projected into the center of the  
6-ring. In zeolite A structure, small cations (such as Li+ and Na+ ) usually can be fit in the 
center or very close to the center of 6-ring on 6-fold axes. But with large ionic radius of 
K+, positions on the 6-fold axes require off the 6-ring plane. From the normalized 
microprobe analysis result, Na+ was not completely substituted by K+. A trial that refine 
the Na+ and K+ in different positions independently near K1 location increased the index 
R1 to 0.17. In this situation, the K1 position was considered to be fully occupied by K+ 
and Na+. Other trials that K1 position was partially occupied by Na+ and K+ increased the 
index R1 as well. The framework oxygen atoms O1 from 6-ring are coordinated to the 
most populated K1 position with the distance of 2.77 Å. This distance is considered to be 
reasonable from the sums of their respective ionic radii  (2.74 Å (Shannon, 1976)). Other 
water molecules OW2 are close to K1 position with the distance between 2.97 Å and  
2.98 Å to complete the coordination of potassium. This position is considered to be stable 
due to the small anisotropic parameters.  
The K2 position resides inside of the grc units. The same reason with K1 (larger ionic 
radius for K+), K2 is located off the 8-ring window. If this position was located in the 
center of 8-ring, the distance between K+ and framework oxygen atoms become 3.43 Å, 
which is significantly larger than 2.74 Å. Hence, the refined position for K2 in this work 
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seems reasonable. This position generates eight symmetry-equivalent positions and each 
four occupied one side of 8-ring. The eight symmetry equivalent positions in such a local 
arrangement are too close to each other, consequently, this limits the maximum 
occupancy in this position to 1/8. Refine the occupancy of this position freely yielded 
higher occupancy values. Therefore, the occupancy was constrained to 1/8 during the 
refinement. K+ in this position is coordinated to three framework oxygen atoms with 
distances ranging from 2.85 Å to 3.00 Å and four water molecules with distances ranging 
from 2.90 Å to 3.17 Å (considering the distance up to 3.2 Å as coordination contracts) in 
OW2 and OW3 position. The long distance may be ascribed to the elongated thermal 
ellipsoid of K2.  
The OW1 position is located in the toc unit on the 6-fold axis, the water molecules of 
which are connected with each other by hydrogen bonds with an interatomic distances of 
2.40 Å (Fig. 4.2). The water molecules in the OW1 positions form a cube in the toc unit 
and approach to three framework oxygen atoms O1 with only weak bonds of 3.02 Å. It 
has been reported that this position was occupied by 8 water molecules per primitive unit 
cell in hydrated K-A (corresponding to 64 per F-centered cell with eight-fold volume) 
(Leung et al., 1975). In Gramlich and Meier’s work, 5.5 water molecules were found in 
the toc unit in Na-A (Gramlich and Meier, 1971). In hydrated Cd-A, 4 water molecules 
per primitive unit cell also resides in this position (McCusker and Seff, 1981b). 
The OW2 and OW3 positions are placed in the grc unit near the 4-ring. Water molecules 
in these two positions approach framework oxygen at long distance. The position OW2 is 
surrounded by two framework oxygen atoms O3 and one O1 with the distance of 3.20 Å 
and 3.37 Å respectively. The position OW3 is neighbored by one framework oxygen 
atoms O3 with 2.94 Å. Water molecules in these two position form a sodalite-cage-
shaped toc cage (Fig. 4.2). In the previous work, a similar position was reported for water 
molecules with full occupation in the grc unit (Leung et al., 1975). But in the refinement 
of this work, this position is split into the OW2 and OW3 positions. The short distance 
between OW2 and OW3 indicate that it is impossible to place two water molecules 
simultaneously in these two positions. This is compatible with the low site occupancies of 
OW2 and OW3 of less than 0.5. 
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Fig. 4.2 Crystal structure projections of fully hydrated zeolite K,Na-A drawn with STRUPLO. (a) Sodalite-
cage-shaped cluster of OW2 molecules (light blue) and OW3 molecules(blue); (b) grc unit with water 
cluster inside; (c) toc unit with a cubic arrangement of OW1 positions. K1 atoms are shown in red; (d) The 
grc units enclosing the toc units made up of OW2 and OW3 positions in the center. 
Chapter 4    Results and discussion 
39 
 
 
Fig. 4.3 Crystal structure projection of zeolite K,Na-A showing the anisotropic displacement ellipsoids (90% 
probability) except OW2 and OW3 drawn in VESTA (Momma and Izumi, 2011). Green=Al, orange=Si, 
purple=K, and blue=OW. 
 
Fig. 4.3 shows the position of K+ and water molecules in hydrated K,Na-A. The location 
of Na+ in hydrated zeolite A (Fischer et al., 2012) is similar to that of K+ here. Both 
cations reside in the grc unit along the 6-fold axes near the 6-ring windows and in (Na+) 
or off (K+) the plane of 8-ring window, respectively. The Na+ was calculated to be 35 
while K+ was 53 from the occupancy factor. About 9 K+ was not found in the refinement. 
The possibility that K+ distributed in water molecules position cannot excluded. The 
number of water molecules was ca.148 per unit cell which is slightly smaller than the 
number obtained by Leung et al. (1975) (160 OW/unit cell). Compared the water 
molecules obtained from TG analysis based on powder samples (192 OW/unit cell), 44 
water was still missing. Inconsistencies that were reported for the numbers of water 
molecules between XRD and TG analysis were found to be due to the positional disorder 
and large atomic displacement parameters for H2O, which increased the difficulty to 
locate water positions (Bish and Carey, 2000).  
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The crystal structure of hydrated zeolite K,Na-A was studied at ambient temperature. It is 
equally important to investigate the thermal behavior using X-ray powder diffraction. In 
the following, the lattice parameter a of zeolite K-A at different temperatures were 
obtained by the LeBail method (Le Bail, 2005) in space group F m 3¯ c. However, due to 
the fact that the X-ray diffraction data of powder sample exhibits a comparatively low 
resolution and that the strong pseudo symmetry in LTA can hardly be resolved in powder 
diffraction data, the Rietveld refinements of powder zeolite K-A were performed in space 
group P m 3¯ m using the correspondingly eight-fold smaller unit cell which assumes 
disorder of silicon and aluminum.  
The powder samples K-A were characterized by in situ powder X-ray diffraction, XRF 
and TG analysis. 
 
4.1.4 In situ powder X-ray diffraction data analysis 
 
 
Fig. 4.4 In situ high temperature X-ray diffraction patterns of zeolite K-A collected between 30°C and 
950°C in air. 
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Fig. 4.5 In situ high temperature X-ray diffraction patterns of zeolite K-A collected between 30°C and 
1000°C under vacuum conditions (10-4 mbar). 
 
A very useful technique to study the thermal stability of zeolite is in situ X-ray diffraction. 
The XRD patterns of zeolite K-A heated in air and under vacuum are shown in Fig. 4.4 
and Fig. 4.5, respectively. It can be seen that in both conditions, the intensity of the 
reflections at low 2θ angles increased until approximately 200°C. A possible 
interpretation is that the electron scatting density drop in the channels due to release of 
water (Agostini Giovanni et al., 2009). Further increasing the temperature up to 800°C 
did not yield a significant intensity change. In other words, the framework of zeolite K-A 
remained stable up to temperatures of 800°C under both atmospheric and vacuum 
conditions. Zeolite K-A became completely amorphous at 950°C in air and 1000°C under 
vacuum conditions. It was reported that the potassium-exchanged zeolite A transforms 
into an amorphous phase when heated at 960°C for 30 min (Kosanovic et al., 1997). The 
results in this work are in good agreement with these results. 
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Fig. 4.6 X-ray diffraction patterns of hydrated K-A, dehydrated K-A, rehydrated K-A. 
 
It is known that some dehydrated zeolites undergo irreversible structural changes and 
lead to total structural collapse. The XRD patterns of hydrated K-A, dehydrated K-A and 
rehydrated K-A are shown in Fig. 4.6. The similar diffraction patterns in these three 
samples indicate that water molecules can be removed and adsorbed back to the structure 
without leading to structural destruction. The dehydration and rehydration of K-A can be 
monitored by lattice parameter a. The lattice parameter of hydrated K-A measured at 
room temperature was calculated to be 24.6050(5) Å. After water release, the lattice 
parameter of dehydrated K-A decreased to 24.5586(7) Å. With exposure of the sample to 
air for 2 days, the lattice parameter a of rehydrated K-A was calculated to be 24.5937(6) 
Å, which was slightly smaller than the initial hydrated K-A.  
To understand the process that takes place during heating, the analysis of lattice 
parameter a should be considered under both conditions. Structure-independent profile 
refinements using the LeBail (Le Bail, 2005) method describing peak intensities with a 
pseudo-Voigt peak shape function were performed to determine the lattice parameter a  
in space group F m 3¯ c (F-cell, No.226) with the program BRASS (Birkenstock et al., 
2012). Instrumental profile parameters were specified by refinement of a LaB6-standard. 
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The following parameters were refined: scale factor (s), zero point error (zero), 
background points were modeled by spline interpolation, Lorentzian and Gaussian peak 
width parameters (iPl, iPG, iSl, iSG) and lattice parameter a.  
 
 
Fig. 4.7 Lattice parameter a and TG of zeolite K-A as a function of temperature in air. 
 
The lattice parameter a and TG curve of zeolite K-A as a function of temperature in air 
are shown in Fig. 4.7. The water loss from K-A in air started around 50°C and continued 
up to approximately 400°C. The overall weight loss measured up to 800°C is 18.6%, 
which indicates that the number of water molecules in the zeolite K-A is 24.02, referring 
to the P-cell (192 referring to the F-cell). The calculated lattice parameters were plotted 
as a function of temperature in Fig. 4.7. There are some significant variations of lattice 
parameter of K-A heated in air. At 30°C the lattice parameter a of K-A was calculated to 
be 24.5934(4) Å, which was in a good agreement with previously reported calculation of 
hydrated K-A in space group P m 3¯ m (a = 12.301 Å) (Leung et al., 1975). The lattice 
parameter a shows a strong decrease from 30°C to 150°C due to the water release. From 
150°C to 350°C, the lattice parameter increases which is attributed to the normal thermal 
expansion(caused by the repulsive forces of the K+ ions after the loss of coordinated 
water) (Habersberger, 1987). The lattice parameter remained more or less constant from 
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400°C to 850°C in the range of 24.5959(8) Å to 24.6049(8) Å. At 900°C, the lattice 
parameter decreased dramatically indicating the thermal decomposition of zeolite 
framework.  
 
 
Fig. 4.8 Lattice parameter a and TG of zeolite K-A as a function of temperature under vacuum conditions. 
 
 
Fig. 4.9 Unit-cell volume of zeolite K-A as a function of temperature under vacuum conditions. 
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The lattice parameter a, the thermogravimetric curve, and the unit-cell volume as a 
function of temperature under vacuum conditions are presented in Fig. 4.8 and Fig. 4.9, 
respectively. The fluctuations in the range of 200–900°C may be related to the instrument 
noise. From TG analyses, the number of water molecules in K-A was calculated to be 20, 
which is slightly less than the number calculated from TG curve in air. The discrepancy 
may be ascribed to that partially physically absorbed water was involved under 
atmospheric condition while they are extracted under vacuum condition before the data 
collection started. Under vacuum condition, the variation of lattice parameter a is 
different from K-A under atmospheric condition. At 30°C, the lattice parameter is 
calculated to be 24.4958(5) Å, which is significantly lower than that of K-A at 30°C 
under atmospheric condition. This is probably due to that the water molecules were 
extracted out when the pump started to work in order to obtain vacuum, therefore the 
lattice parameter decreased remarkably. In the temperature range of 30°C–150°C, the 
lattice parameter increases with a consequently positive volume expansion from 
14698.5(5) to 14864.8(7) Å3. From 150°C to 300°C, the lattice parameters showed a 
drastic decrease which resulted in a negative volume expansion with a rate ΔV/ΔT of  
-0.179. In the same temperature range, the rate of weight loss is -0.039 (Δweight/ΔT). 
Compared with the two different rates, it can be assume that the effect of water molecules 
on the thermal behavior in the temperature range could be negligible. A small decrease 
was observed up to approximately 800°C. After 800°C, the lattice parameter shows a 
stronger decrease. These results confirmed a weak negative thermal expansion effect on 
K-A with a unit cell volume contraction of 0.2% upon elevated temperature. After 800°C, 
the lattice parameter decreases due to the partial collapse of structure.  
 
4.1.5 Powder structure refinement 
To investigate the negative thermal expansion, Rietveld structure refinement was carried 
out by analyzing the powder XRD data of zeolite K-A at different temperatures. The 
crystal-structure refinement of K-A was performed in supergroup P m 3¯ m to understand 
the variation over the full temperature range. 
Rietveld structure refinement of zeolite K-A was performed in space group P m 3¯ m  
(P-cell) which assumes disorder of silicon and aluminum using the software TOPAS 
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(A.Bruker, 2009). The occupancies of framework Si, Al, O were fixed while the atom 
positions and isotropic displacement parameters B varied during the refinement. For the 
extraframework atoms, the Biso values were fixed at B(K) = 1 Å
2 and B(water) = 2 Å2. 
The structure refinement results are shown in Fig. 4.10 and Fig. 4.11, respectively.  
Generally, there are four principal mechanisms to interpret the negative thermal 
expansion as summarized by Sleight (1998). 1) the average metal-oxygen (M-O) distance 
decreased; 2) the anisotropic thermal behavior (expand in one or two directions while 
contract in others) of different bonds; 3) extrinsic effect (interstitial cations change 
positions upon heating); 4) the transverse thermal vibrations of oxygen atoms in M-O-M 
linkages. In the opposite, the longitudinal thermal vibrations lead to the expansion of 
lattice. Due to the strong metal-oxygen bonds, the expansion of the MOx polyhedra is 
negligible and the polyhedra are rotated freely as rigid units. This mechanism is so-called 
rigid unit mode (RUM), which was developed by Bieniok and Hammonds (1998). 
 
4.1.6 Powder structure analysis 
The mean T-O distance and O-T-O angles of K-A as a function of temperature are shown 
in Fig. 4.10 (T = Si, Al). The T-O distance at 30°C is slightly higher than other distances 
at high temperatures. The bias may be resulted from the process of the refinement.  
Becasue a Rbragg value high up to 9.472% was obtained at 30°C, comparatively less than 5% 
at high temperatures. Too much water molecules at 30°C may partially explain the poorer 
refinement. There are no significant changes in the T-O bond distances and O-T-O bond 
angles considering the estimated standard deviations found in the Rietveld refinements 
from 100°C to 800°C. Hence, changes in the TO4 tetrahedra do not seem to be 
responsible for the contraction of the framework. In other words, the TO4 tetrahedra can 
be treated as rigid bodies. Therefore, the negative thermal expansion was correlated to the 
transverse vibrations of the two-coordinate bridging oxygen atoms. 
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Fig. 4.10 Mean T-O distance and O-T-O angles of K-A as a function of temperature. 
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Fig. 4.11 T-O-T bond angles of zeolite K-A as a function of temperature.  
 
Fig. 4.11 illustrates the specific T-O-T bond angles as a function of temperature for K-A. 
From room temperature to 100°C, significant increases in the angles T-O2-T and T-O3-T 
were observed. These changes indicate that the channels of eight-ring become broader. 
From 150°C to 250°C. The angle T-O1-T and T-O2-T decreased upon heating. The T-
O1-T angles decreased by 2.48°, leading to a shift of O1 from the center of D4R. The T-
O2-T decreased by 3.6°, consequently, O2 shifted from the plane of S6R upon heating. 
On the contrary, the T-O3-T angle increased by 2.3° (moving O3 shift from the center of 
the S8R). After 300°C, all the T-O-T angles remained roughly constant until 700 °C. The 
changes of these transverse vibration of T-O-T angles indicated a weak rotation of the 
tetrahedra with heating, which led to the volume contraction. The directions of tetrahedra 
rotation are shown in Fig. 4.12. 
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Fig. 4.12 Diagram of the LTA α-cage illustrating the changes in T–O–T bond angles upon heating 
(orange=T, green=O1, red=O2, blue=O3). The arrows indicate the directions of movement of atoms from 
150°C to high temperature.  
 
Generally, the negative thermal expansion would be stronger when there were no extra-
framwork cations in the pores. Carey et al. (2014) reported that the purely siliceous   
ITQ-29 has the strongest negative thermal expansion resulting from the rotation of rigid 
TO4 tetrahedra upon heating. It was reported that the dehydrated zeolite Na-X showed 
negative thermal expansion behavior below 227°C (Couves et al., 1993). Changing the 
pore contents made the rotation restricted. Hence, in this work, with Na+ exchanged by 
K+ in zeolite A, it seems reasonable that only weak negative thermal expansion was found 
upon heating. 
 
4.2 NH4
+ exchanged zeolite A (NH4-A) 
The single crystal structure of zeolite NH4-A was refined in space group F m 3¯ c based on 
single-crystal X-ray diffraction data. EDX analysis was used to check whether the Na+ 
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was completely exchanged or not. The powder samples of NH4-A were characterized by 
in situ X-ray powder diffraction and thermal analysis.  
In fully hydrated NH4-exchanged zeolite A, NH4
+ and water molecules show almost 
identical scatter amplitude in X-ray diffraction, thus it is difficult to distinguish their 
positions. Patalinghug and Seff (1990) and Lee et al. (1982) investigated the structure of  
cation (Ni2+, Cu2+) and NH4-exchanged zeolite A by single-crystal X-ray diffraction 
technique in the cubic space group P m 3¯ m. McCusker and Seff (1981a) prepared the 
NH4-exchanged zeolite A by flow methods and determined the crystal structure in space 
group F m 3¯ c (a = 24.568 Å) in dehydrated state. Hence, it is interesting to determine the 
crystal structure of hydrated NH4-A. 
 
4.2.1 EDX analysis 
In order to check whether Na+ was exchanged completely or not, one single crystal from 
the same batch was selected for the EDX analysis. Since EDX analysis has low accuracy 
for light elements and the Si/Al ratio of is determined by EPMA analysis in zeolite K-A, 
the main focus was the determination of the sodium content to estimate roughly whether 
Na+ still exist or not. The EDX results are shown in Fig. 4.13.  
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Fig. 4.13 The EDX elemental mapping and spectrum. 
 
As shown in Fig. 4.13, the elements Au and C were from the sample preparation. The 
other elements Al, Si, O, N, and Na were detected. The selected elemental mapping 
demonstrated that there was almost no Na+ in the crystal (very weak peak intensity). 
Therefore, in the following section, the single crystal of zeolite NH4-A was considered to 
be exchanged completely. However, due to the inaccuracy of EDX analysis, some 
fraction of Na+ might still be there in the structure. 
 
4.2.2 Single-crystal structure refinement 
The single crystal structure was refined using the SHELXL-97 program in space group 
F m 3¯ c (Sheldrick, 2007). The visualization of the crystal structure were performed in 
program VESTA (Momma and Izumi, 2011). The original single crystal Na-A was 
provided by Karl Seff (Hawaii). Details of data collection and crystal data are listed in 
Table 4.4. The refinement results and selected interatomic distances and angles for each 
datasets are presented in Table 4.5 and Table 4.6, respectively. Distances and angles 
between atoms are calculated by program STRUPLO (Fischer and Messner, 2010).  
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Table 4.4 Data collection and refinement parameters for zeolite NH4-A. 
Crystal data NH4-A_0d NH4-A_16d 
Crystal system cubic cubic 
Lattice parameter a [Å] 24.5996(3) 24.3378(3) 
Unit cell volume[Å3] 14886.27 14415.97 
Space group F m 3¯ c (No. 226) F m 3¯ c (No. 226) 
Z 1 1 
Crystal dimensions [mm3] 0.08×0.08×0.08 0.08×0.08×0.08 
Maximum 2θ range [o] 54.92 55 
T for data collection [K] 293 293 
Reflection range -31≤ h ≤31 -31≤ h ≤31 
 -31≤ k ≤31 -31≤ k ≤31 
 -31≤ l ≤31 -31≤ l ≤31 
No. of measured reflections 433832 98604 
No. of unique reflcetions 777 730 
No. of reflections [Fo>4σ(Fo)] 671 570 
No. of systematic absence violations 82 16 
Inconsistent equivalents 0 0 
Rint 0.0626 0.0706 
R1 [Fo>4σ(Fo)]b 0.0636 0.1074 
R1(all data)b 0.0690 0.1184 
wR2 (all data)c 0.2065 0.3643 
No. of least-squares parameters 57 59 
Weighting parameter d 0.137/89.499 0.2 
Goodness of fit 1.112 1.629 
Final ∆ǫmin[e-/ Å3] -0.35 (0.65 Å from Si) -0.72 (1.24 Å from O3) 
Final ∆ǫmax[e-/ Å3] 1.94 (2.05 Å from OW1) 1.76 (0.47 Å from OW1) 
        a: the chemical position was obtained from EDX analysis; the number of water molecules  
        was calculated from the thermal analysis based on powder data NH4-A. 
        b: R1 = ? ||Fo| - |Fc||/? |Fo| 
        c: wR2 = (? (w(Fo2 - Fc2)2) / ? (w(Fo2)2))1/2 
        d: w = 1/(?2(Fo2)+(aP)) P = (2Fc2+max (Fo2, 0))/3 
 
Full-matrix least-squares refinement was done on Fo
2 using all data. Initial framework 
atomic parameters for the refinements were taken from the work of single-crystal studies 
(Gramlich and Meier, 1971). The initial refinement used isotropic thermal parameters and 
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converged the indices R1= 0.1843 and R1= 0.2543 for the two datasets, respectively. 
Subsequent difference Fourier maps immediately yielded two independent positions for 
NH4
+ and three positions for water molecules. For data NH4-A_0d, the final cycles of the 
refinement were done with anisotropic for all positions except OW2 and OW3. For data 
NH4-A_16d, all the water molecules were refined isotropically in the final cycles of the 
refinement. The final refined weighting-scheme parameters and the final error index R1 
for each dataset are given in Table 4.4. The highest peak and deepest hole in the final 
difference Fourier maps were not assigned in the refinement due to these positions are too 
close to either framework atoms or water molecules.  
In single crystal NH4-A_16d, another aluminum position was assigned on (0, 0, 0) 
position. The difference Fourier maps revealed high electron density (approximately 20 
e/Å3) at this position that located in the center of the sodalite unit during the entire 
refinement process. As water molecules or NH4
+, this peak was too close to OW1. At this 
point, it was inferred that the original site was occupied by cationic Al3+. This is also 
consistent with the results obtained by Pluth and Smith (1982) who reported that 
aluminum-oxygen complex located at the original sites in dehydrated Sr2+ exchanged 
zeolite A. Bae et al. (1999) also reported that the Al position derived from dealumination 
process was also in sodalite cage in dehydrated Zn-exchanged zeolite X. Seo et al. (2014) 
found the Al3+ ion at the center of the sodalite cages in Mn2+ exchanged zeolite Y. In this 
work, isotropic refinement for this (0, 0, 0) position as Al3+ yielded the index R1 
significantly decreased. The result showed that it approach to water molecules OW1 with 
a distance of 1.92 Å. In other words, dealumination could proceed for the single crystal 
NH4-A_0d even at room temperature.  
 
4.2.3 Single-crystal structure analysis 
The previous work showed that the lattice parameter a of zeolite Na-A is                              
24.5498(28) Å based on single-crystal synchrotron experiments (Fischer et al., 2012). In 
this work, after NH4
+ exchange, the lattice parameter a was calculated to be 24.5996(3) Å 
by means of single-crystal X-ray diffraction methods. The increased lattice parameter is 
reasonable as cation NH4
+ need more space than Na+ in the cages. However, the lattice 
parameter a of zeolite NH4-A decreased significantly to 24.3378(3) Å as well as unit cell 
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volume after exposure in the air at room temperature for 16 days (Table 4.4). The data 
implied that the unit cell underwent a contraction process at room temperature. Since 
there was no heating and cation exchanges on the mounted single crystal, the only reason 
for this change could be ascribed to the removal of framework Al. It was reported that 
dealumination of zeolite 4A at room temperature could be done with thionyl chloride 
(Shu et al., 2007). However, in this work, for single crystal zeolite NH4-A, it seems that 
dealumination process occurred at room temperature even without any special treatment. 
The contractible lattice parameter and the high electron density at position (0, 0, 0) might 
give the indication for the presence of Al3+.  
Table 4.5 Atomic coordinates, displacement factors, site symmetries, Wyckoff positions, site occupancies 
(occ), and anisotropic displacement parameters. OW denotes water molecules. 
Atom Wyckoff site x y z Occ 
NH4-A_0d 
Si1 96i 0 0.09307(3) 0.18545(3) 1 
Al1 96i 0 0.18673(4) 0.09069(4) 1 
O1 192j 0.0535(1) 0.0578(1) 0.1727(1) 1 
O2 96i 0 0.1460(1) 0.1474(1) 1 
O3 96i 0 0.1134(2) 0.2473(1) 1 
N1 64g 0.1338(2) 0.1338(2) 0.1338(2) 0.834(6) 
N2 96i 0.228(2) 0.0000 0.232(3) 0.25 
OW1 64g 0.0482(7) 0.0482(7) 0.0482(7) 0.25 
OW2 192j 0.124(1) 0.150(1) 0.2493(9) 0.14(1) 
OW3 192j 0.184(1) 0.096(1) 0.2510(7) 0.22(2) 
NH4-A_16d 
Si1 96i 0 0.09235(6) 0.18455(6) 1 
Al1 96i 0 0.18567(6) 0.09013(6) 1 
O1 192j 0.0535(3) 0.0574(3) 0.1685(4) 1 
O2 96i 0 0.1495(2) 0.1506(2) 1 
O3 96i 0 0.1069(3) 0.2474(1) 1 
N1 64g 0.1385(5) 0.1385(5) 0.1385(5) 0.77(2) 
N2 96i 0.00000 0.221(3) 0.252(2) 0.25 
OW1 64g 0.0452(9) 0.0452(9) 0.0452(9) 0.25 
OW2 192j 0.123(2) 0.153(2) 0.2492(7) 0.18(4) 
OW3 192j 0.095(2) 0.186(2) 0.2496(5) 0.34(5) 
Al2 8b 0 0 0 0.026(2) 
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Atom U11 U22 U33 U23 U13 U12 Ueq[Å2] 
NH4-A_0d 
Si1 0.0145(6) 0.0121(6) 0.0112(6) 0.0022(3) 0.000 0.00 0.0126(5) 
Al1 0.0135(6) 0.0112(6) 0.0130(6) 0.0024(3) 0.000 0.00 0.0125(5) 
O1 0.035(1) 0.034(1) 0.064(2) 0.024(1) 0.023(1) 0.022(1) 0.0443(9) 
O2 0.026(1) 0.020(1) 0.021(1) 0.010(1) 0.00 0.000 0.0221(7) 
O3 0.104(4) 0.029(2) 0.008(1) -0.0002(10) 0.0000 0.000 0.047(1) 
N1 0.050(3) 0.050(3) 0.050(3) 0.013(2) 0.013(2) 0.013(2) 0.050(3) 
N2 0.06(4) 0.33(7) 0.06(3) 0.000 -0.02(2) 0.000 0.15(2) 
OW1 0.066(7) 0.066(7) 0.066(7) 0.006(8) 0.006(8) 0.006(8) 0.066(7) 
OW2       0.06(1) 
OW3       0.10(1) 
NH4-A_16d 
Si1 0.021(1) 0.020(1) 0.016(1) 0.0021(5) 0.000 0.00 0.019(1) 
Al1 0.020(1) 0.016(1) 0.019(1) 0.0027(5) 0.000 0.00 0.018(1) 
O1 0.063(3) 0.063(3) 0.107(6) 0.056(3) 0.055(4) 0.045(3) 0.078(3) 
O2 0.040(3) 0.026(2) 0.027(2) 0.009(2) 0.00 0.000 0.031(1) 
O3 0.21(1) 0.028(4) 0.024(3) -0.001(1) 0.0000 0.000 0.086(4) 
N1 0.058(6) 0.058(6) 0.058(6) 0.016(5) 0.016(5) 0.016(5) 0.058(6) 
N2 0.3(2) 0.10(5) 0.05(3) -0.01(3) 0.000 0.000 0.16(5) 
OW1       0.05(1) 
OW2       0.07(2) 
OW3       0.12(2) 
Al2       0.008(4) 
 
 
Table 4.6 Selected interatomic distances and angles. 
NH4-A_0d 
 Dist. [Å]  Angles [o]  Dist. [Å] 
Si-O1 2× 1.607(3) Si-O1-Al 147.1(2) N1-O1   3× 2.883(6) 
Si-O2 1.603(3) Si-O2-Al 161.4(2) N1-OW2  3× 2.88(2) 
Si-O3 1.600(2) Si-O3-Al 142.9(3) N1-OW2  3× 2.91(2) 
Mean 1.604 Mean 149.6 N2-N2   2× 0.97(9) 
Al-O1  2× 1.726(3) O3-Si-O1 110.8(2) N2-N2   1.37(9) 
Al-O2  1.718(3) O3-Si-O2 107.5(2) N2-OW3  2× 2.65(4) 
Al-O3 1.717(3) O1-Si-O1 109.8(1) N2-OW3   2× 2.70(4) 
Mean 1.722 O1-Si-O2 108.9(1) N2-O3 2.87(6) 
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NH4-A_0d 
 Dist. [Å]  Angles [o]  Dist. [Å] 
O1-O1(Si) 2.630(4) Mean 109.5 N2-O2 2.91(7) 
O1-O2    2× 2.612(3) O3-Al-O1 111.2(1) N2-O3  2.97(7) 
O1-O3   2× 2.640(4) O3-Al-O2 106.7(2) N2-OW3 2× 3.18(6) 
O2-O3 2.583(4) O1-Al-O1 110.9(1) OW1-OW1 3× 2.37(3) 
Mean 2.620 O1-Al-O2 108.3(1) OW1-O1 3× 3.07(2) 
O1-O1(Al) 2.842(3) Mean  109.4 OW2-OW2 0.88(4) 
O1-O2    2× 2.791(4)   OW2-OW3 1.10(4) 
O1-O3    2× 2.841(4)   OW2-OW3 1.98(4) 
O2-O3 2.757(4)   OW2-O3 3.18(3) 
Mean 2.811   OW3-OW3 3× 2.28(4) 
    OW3-O3   2.95(3) 
NH4-A_16d 
 Dist. [Å]  Angles [o]  Dist. [Å] 
Si-O1 2× 1.604(7) Si-O1-Al 143.0(6) N1-O1   3× 2.95(1) 
Si-O2 1.617(5) Si-O2-Al 151.6(3) N1-OW2  3× 2.74(2) 
Si-O3 1.569(4) Si-O3-Al 152.8(5) N1-OW2  3× 2.78(2) 
Mean 1.599 Mean 147.6 N2-O2 2.96(7) 
Al-O1  2× 1.708(7) O3-Si-O1 110.9(4) N2-O3 2.79(8) 
Al-O2  1.716(5) O3-Si-O2 107.6(3) N2-O2 3.01(7) 
Al-O3 1.681(4) O1-Si-O1 108.6(3) N2-N2 0.99(9) 
Mean 1.703 O1-Si-O2 109.4(3) N2-N2 1.4(1) 
O1-O1(Si) 2.602(9) Mean 109.5 N2-OW3 2× 2.46(6) 
O1-O2    2× 2.631(8) O3-Al-O1 111.3(3) N2-OW3 2× 2.84(6) 
O1-O3   2× 2.610(9) O3-Al-O2 106.8(3) N2-OW3  2× 2.90(6) 
O2-O3 2.574(6) O1-Al-O1 109.7(3) N2-O2 2.96(7) 
Mean 2.610 O1-Al-O2 108.8(3) N2-O2 3.01(7) 
O1-O1(Al) 2.787(9) Mean  109.5 OW1-OW1 3×   2.20(3) 
O1-O2    2× 2.785(8)   OW1-O1 3× 3.02(2) 
O1-O3    2× 2.793(9)   OW1-OW1 3× 3.11 (5) 
O2-O3 2.728(6)   OW2-OW2 1.04(2) 
Mean 2.779   OW2-OW3 1.05(7) 
    OW2-OW3 2.09(7) 
    OW3-OW3 2× 2.21(5) 
    Al2-OW1  8× 1.90(2) 
         Numbers in parentheses are the estimated standard deviations for the corresponding parameter.  
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Although Na+ ions were considered completely exchanged by NH4
+ ions during the 
refinement, a partial occupancy of Na+ at N position cannot be ruled out completely. The 
Si-O distance in NH4-A_0d is 1.604 Å, which is reasonable for the full occupancy of Si 
in this position. However, the Al-O distance (1.722 Å) was shorter than the expected 
value of 1.746 Å (Baur and Ohta, 1982). This observation concords with zeolite K-A 
(discussed in section 4.1) and Na-A (Fischer et al., 2012), which indicates that the Al 
position was partially occupied by Si. After storing the crystal in air, the mean Si-O and 
Al-O distances reduced to 1.599 Å and 1.703 Å, respectively, which resulted in the lattice 
parameter as well as unit cell volume decreasing.  
 
 
Fig. 4.14 The distribution and coordination environment of NH4
+ in N1 position in datasets NH4A_0d.   
 
In fully hydrated zeolite NH4-A for both the datasets, the cations NH4
+ occupy two 
independent crystallographic positions: N1 and N2. The N1 position resides inside the 
big grc unit along 6-fold axes and projects into the center of the 6-ring (Fig. 4.14). This 
position is not fully occupied in both the datasets. NH4
+ in N1 position is coordinated to 
three framework oxygen atoms O1 at 2.88 Å. This distance has a good agreement with 
the sum of the ionic radii (1.49+1.36 = 2.85 Å) (Khan and Baur, 1972). In addition, some 
water molecules surround the N1 position. There are six water molecules in OW2 
position close to N1 position with the distances of 2.88 Å and 2.91 Å, respectively. 
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However, the short distance between OW2−OW2 (0.88 Å) prevents the simultaneous 
occupation of all the six sites. Therefore, the water molecules are distributed over three 
out of the six sites to coordinate to N1 position. The N1 position has similar coordination 
numbers in NH4-A_16d datasets. Only the distance to framework oxygen is longer   
(2.95 Å) whereas to water molecules is shorter (2.74 Å and 2.78 Å).   
 
 
Fig. 4.15 The distribution and coordination environment of NH4
+ in N2 position in datasets NH4A_0d.   
 
The N2 position is located in the plane of the 8-ring in the grc units (Fig. 4.15). The same 
situation was reported earlier in hydrated Na-A for Na+ position (Fischer et al., 2012). In 
McCusker’s work, this position in dehydrated NH4A shifted from the surface of the 8-
ring into the grc units (McCusker and Seff, 1981a). The N2 position is not completely 
occupied because its symmetrical-equivalent positions are too close (less than 1.5 Å). 
During the refinement, the occupancy of this position was constrained to the maximum 
level because the independent refinement leads to a higher value than the maximum 
possible one. In NH4-A_0d, there are three framework oxygen atoms coordinated to NH4
+ 
in this position with a distance of 2.87 Å, 2.91 Å and 2.97 Å, respectively. Other four 
water molecules in OW3 position are close to N2 position with a distance of 2.65 Å and 
2.70 Å, respectively. The short distance between position OW3 and OW3 (2.28 Å) 
prevents simultaneous occupation of all sites. Therefore, the coordination environment of 
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NH4
+ in N2 position includes three framework oxygen atoms and two water molecules in 
OW3 position. 
 
 
 
 
Fig. 4.16 Crystal structure projection showing the anisotropic displacement ellipsoids (90% probability) 
except OW2 and OW3 drawn in VESTA. Green = Al, orange = Si, pink = NH4
+, blue = OW. (a) NH4-A_0d; 
(b) NH4-A_16d, purple = Al
3+. 
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Compared with these two datasets, the number of NH4
+ was calculated to be less in the 
dataset NH4-A_16d from the occupancy factor in the refinement results. The lower 
number of NH4
+ was probably due to the dissociation of NH3 from crystal. Namely, a 
partial deammoniation process occurs during storage of the single crystal at room 
temperature, which is consequently, accompanied by a dealumination process. 
The OW1 position is located on the 6-fold axes in the toc unit in both datasets (Fig. 4.16). 
This position generates other three neighbors that are very close to each other. Therefore, 
the occupancy of OW1 position was fixed to 0.25 during the refinement. 
The OW2 and OW3 positions are placed in the grc unit. Water molecules in these two 
positions have a long distance from framework oxygen atoms, therefore, they can make 
only weak bonds with these framework oxygen atoms. In Leung’s work with hydrated 
KA, a similar position (0.2683, 0.2683, 0.5) in space group P m 3¯ m for water molecules 
was observed to be fully occupied (Leung et al., 1975). However, in this refinement, the 
position was split into OW2 and OW3 positions. The distribution of water position in 
both datasets are similar with zeolite K,Na-A. 
It is known that density refined in high symmetry such as origin in our work could be an 
artifact in the refinement. However, in NH4-A_16d, the (0, 0, 0) position was inferred to 
be occupied by six Al3+ ions per unit cell as discussed above. The numbers of NH4
+ in 
both the datasets are calculated to be 77 and 73 per unit cell from the occupancy factors, 
respectively (Table 4.5). While an analogous calculation for water molecules results in 
the numbrs to be 85 and 115 per unit cell. It is possible that some water molecules are 
randomly located in the pores with low occupancy; and consequently, the difference 
Fourier maps cannot show them. 
 
The high framework aluminum content yields more negative framework charges and 
requires more cations to be neutralized. Therefore, zeolite A has a high ion-exchange 
capacity. For NH4-exchanged zeolite A, it is difficult to obtain completely stable 
hydrogen zeolite A because too many framework aluminum ions are converted into 
hydroxy-aluminum, which leads to the tetrahedra collapse during the deammoniation and 
dehydroxylation processes.  
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4.2.4 In situ powder X-ray diffraction data analysis 
 
 
Fig. 4.17 In situ high temperature X-ray diffraction patterns of NH4A collected between 30°C and 130°C in 
air. 
 
Fig. 4.18 In situ high temperature X-ray diffraction patterns of NH4A collected between 30°C and 130°C 
under vacuum conditions. 
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X-ray diffraction data of sample NH4A in air and vacuum condition are shown in Fig. 
4.17 and Fig. 4.18, respectively. In air, the NH4-A sample retained its characteristic 
diffraction peaks until 100°C but peak width broadening occurred. As temperature 
increases, the intensity of diffraction peaks decreases significantly, which indicates that 
the sample starts losing crystallinity until it becomes completely amorphous at 130°C. It 
can be seen in Fig. 4.18 that NH4-A loses a great amount of crystallinity and splits into 
two diffraction peaks at low angles from 50°C. At high angles, only few single weak 
peaks exist. The intensity of split diffraction peaks that shift to the right direction 
becomes weak with the increasing temperature. This indicates that the newly formed 
phase is not stable at high temperatures.  
 
 
Fig. 4.19 Two phases refinement of NH4A at 50°C using LeBail method. The two row of tick marks 
correspond to the reflection positions of hydrate NaA (green) and dehydrated NH4A (orange). 
 
Dong et al. (2013) reported the XRD pattern of HA while heating NH4A. In that case, 
zeolite HA showed strong intensity of diffraction peaks at low angels. Compared with the 
XRD patterns of NH4-A, the diffraction peaks of HA were also shifted to the right 
direction. Therefore, we can infer that the framework of zeolite A is partially formed into 
zeolite HA, which collapses with increasing temperature. Since no crystallographic data 
are available for zeolite HA due to the difficulty in preparation, it is hard to give a direct 
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proof to confirm the inference. However, it is possible to prove that the newly formed 
phase belongs to zeolite A. The matching refinement of the two phase profile using 
LeBail method (Le Bail, 2005) was performed by software BRASS (Birkenstock et al., 
2012). The pseudo-Vogit function was used as peak profiles function. Two structural 
models of hydrated zeolite NaA (Gramlich and Meier, 1971) and dehydrated zeolite 
NH4A (McCusker and Seff, 1981a) were chosen for the refinement. Both of the structural 
were performed in space group F m 3¯ c. Fig. 4.19 shows the obtained refinement for 
NH4A at 50°C under vacuum conditions. The split peaks showed a good fit with 
dehydrated NH4A phase. In other words, as the temperature increased, the newly formed 
phase is the zeolite A phase. The two phases refinement might give the indirect evidence 
for the presence of zeolite HA when NH4A was heated under vacuum conditions. 
 
4.2.5 Thermal analysis 
 
 
Fig. 4.20 Thermal analysis diagrams of NH4-A under vacuum conditions. 
 
Fig. 4.20 presents the TG and DSC curves for NH4-A under vacuum conditions. The TG 
curve shows that most of the mass loss (20%) occurs in the range from room temperature 
up to 300°C, while the remaining weight loss about 5% occurs slowly up to 900°C. The 
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DSC diagram of NH4-A exhibits two endothermic peaks at 55°C and 145°C, a shoulder 
peak range from 83°C to 120°C, and another wide shoulder between 220°C and 320°C. 
The small peak at 55°C may be related to the low level water and ammonia desorption, 
which can be inferred from the changes in the XRD patterns. As shown by X-ray 
diffraction, the zeolite HA phase appears around 50°C. Therefore, it is possible that the 
dehydration and deammoniation both occur simultaneously at this temperature. The 
shoulder between 83°C and 120°C and the large endothermic peak around 145°C may be 
related to the desorption of water and ammonia from different positions and achieved the 
maximum rate at 145°C. The shoulder peak between 220°C and 320°C could probably be 
associated with the zeolite structure changes. In NH4
+ exchanged zeolite X (Si/Al=1.25), 
two endothermic peaks at 100°C, 175°C and a shoulder between 180°C and 350°C are 
assigned to water desorption, NH3 dissociation from small pores and large pores, 
respectively. The dehydroxylation and deammoniation process occurs simultaneously in 
NH4X (Chu and Dwyer, 1980). Similar observation has been made in NH4
+ exchanged 
zeolite Y (Si/Al=2.5) but at high temperature for deammoniation and a separate 
dehydroxylation around 650°C (Chu, 1976). Combined with these results, it can be 
concluded that the temperature of deammoniation and dehydroxylation processes 
decreases with decreasing the Si/Al ratio in zeolites. 
 
4.3. Partially NH4
+ exchanged zeolite A 
It is difficult to obtain 100% pure hydrogen zeolite A, but partially NH4-exchanged 
zeolite A (the Na/Al ratio surpasses 0.5) can remain crystalline even after calcination at 
high temperatures (Dondur et al., 1985; Kühl, 1973). Recently, it has been reported that 
the thermal deammoniation of partially ammonium-exchanged zeolite A is accompanied 
by a weak dealumination in the framework (Dyballa et al., 2015). Thermal stability of 
zeolite K-A was improved compared with zeolite Na-A as discussed above. However, the 
zeolite NH4-A is unstable even at lower temperatures. Therefore, it is interesting to study 
the thermal stability range of partially NH4
+ exchanged zeolite K-A.  
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4.3.1 XRF analysis  
The chemical compositions, the number of water molecules, and lattice parameter a for 
different samples are listed in Table 4.7.  
 
Table 4.7. The chemical composition, thermal gravimetric analysis, and lattice parameter a for different 
samples. 
sample Chemical composition * H2O [mole in P-cell] Lattice parameter a [Å] 
NH4A (NH4)11.7Al11.7Si12.3O48  22.03 24.6417(4) 
K9.6A K9.6(NH4)2.1Al11.7Si12.3O48 22.09 24.5981(3) 
K7.8A K7.8(NH4)3.9Al11.7Si12.3O48 22.82 24.6325(3) 
         * The chemical composition were given in primitive unit cell. 
The XRF results revealed that the different levels of K/NH4
+ ratio were obtained 
successfully as expected. In sample NH4-A, almost no Na
+ ions were detected by XRF. 
Consequently, in order to balance the charge from the framework, the number of NH4
+ 
could be inferred as 11.7 in the primitive unit cell.   
It is worth noticing that the Si/Al ratio in K9.6-A and K7.8-A is more than unity, which has 
been controversial over many years. The previous works have analyzed a series of Na-A, 
Ca-A, and Na, K-A samples, which were prepared by Charnell’s method (Lührs et al., 
2012). An average value for Si/Al ratio of 1.07 was determined. The water content was 
calculated by deducting the ammonia from total weight loss. The lattice parameter a for 
these three samples followed a fixed trend, i.e., it increased along with the decreasing of 
K/NH4
+ ratio. After NH4
+ exchange, the NH4
+ group forms hydrogen bonds with the 
framework oxygen, therefore NH4
+ group needs more space compared to the alkaline and 
alkaline earth cations. This results in the increasing lattice parameter as well as unit cell 
volume.  
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4.3.2 In situ powder X-ray diffraction data analysis 
 
 
Fig. 4.21 In situ high temperature X-ray diffraction patterns of K9.6-A collected between 30°C and 900°C in 
air. 
The X-ray diffraction patterns of K9.6-A at different temperatures in air are shown in Fig. 
4.21. The relative intensities of the peaks changed along with the elevated temperatures. 
From 30°C to 100°C, water and/or NH3 evaporation yielded a peak position shift to right 
direction, indicating the shrink of the unit cell in the crystalline framework. This result 
was consistent with LeBail fits, confirming a decrease in the lattice parameter a and the 
cell volume. The overall intensity showed a dramatic reduction especially after 200°C. 
Interestingly, a hump was observed between 25–35° 2θ, indicating the presence of 
amorphous aluminosilicate in the diffraction pattern at 200°C. Complete structure of 
sample K9.6-A collapsed at a temperature of 900°C in air.  
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Fig. 4.22 In situ high temperature X-ray diffraction patterns of K9.6-A collected between 30°C and 1000°C 
under vacuum conditions. 
 
The X-ray diffraction patterns of K9.6-A taken under vacuum conditions are shown in  
Fig. 4.22. In this case, no appreciable change occurred in the diffraction patterns up to 
900°C, which indicates the structure of sample K9.6-A remains intact at 900°C. The 
intensity loss started at approximately after 900°C and the sample became completely 
amorphous at 1000°C under vacuum conditions. In other words, the thermal stability of 
K9.6-A under vacuum conditions is slightly higher than in air.  
The heating results of sample K9.6-A in air and under vacuum conditions assert that if the 
absorbed water in ammonium zeolite is not removed, the water vapors would attack the 
proton site which was formed after NH3 evaporation (Kühl and Schweizer, 1975). Hence, 
aluminum was removed from the framework and resulted in the structure collapse. When 
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the NH3 was pumped out under vacuum conditions, the structure became stable. However, 
this theory does not hold true for the samples that have lower K/NH4 ratio. 
 
Fig. 4.23 In situ high temperature X-ray diffraction patterns of K7.8-A collected in air. 
 
 
Fig. 4.24 In situ high temperature X-ray diffraction patterns of K7.8-A collected under vacuum conditions. 
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Fig. 4.25 Two phases refinement of K7.8-A at 100°C using LeBail method. The two row of tick marks 
correspond to the reflection positions of hydrate NaA (green) and dehydrated NH4A (orange). 
 
Diffraction patterns of sample K7.8-A at representative temperatures in air are shown in 
Fig. 4.23. As the temperature increased, the intensity became markedly weaker, 
indicating a decrease in the crystallinity. Apparently the hump between 20−35o 2θ 
emerged at 150°C, similar to the observation made for K9.6A. This indicates the 
formation of amorphous phase. Under vacuum conditions (Fig. 4.24), at room 
temperature, it seems that one single zeolite phase is formed after K+ and NH4
+ exchange. 
When the temperature increased to 100°C, the diffraction peak of sample K7.8-A at low 
angles splits into two small peaks. This splitting peaks is similar to that of NH4A heating 
under vacuum conditions. Therefore, it could be assumed that partially zeolite HA was 
formed but it became unstable with increasing temperature. Two phases refinement was 
performed by LeBail method and is shown in Fig.4.25. It seems that split reflections 
belong to zeolite A phase.  
 
4.3.3 TG-FTIR analysis 
For the K+ and NH4
+ exchanged zeolite A, it is known that both water and ammonia 
evaporate at high temperatures. However, the common TG-DSC analysis can only give 
the corresponding desorption behavior for water and ammonia together. In other words, it 
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is difficult to know the dehydration and deammoniation temperature separately. 
Therefore, in this work, a convenient method, in situ TG-DSC analysis coupled with 
FTIR spectroscopy was used to monitor the behavior of water and ammonia during the 
heating process. 
 
 
Fig. 4.26 Thermal analysis diagrams of K9.6-A and K7.8-A. 
 
Fig. 4.26 illustrates the thermogravimetric and differential scanning calorimetric   
(TG-DSC) curves for both samples K9.6-A and K7.8-A. Mass loss of about 17.42% and 
19.8% was observed for sample K9.6-A and K7.8-A, which seems to be reasonable because 
of the different amount of NH4
+ exchange. The large weight loss is mainly due to the 
desorption of ammonia and water molecules during the heating process. Three 
endothermic peaks were found in the DSC curves. The first weak endothermic peak 
appears at 60°C corresponding to the desorption of loosely held moisture from the zeolite 
(Park et al., 1994). The second appears at 150°C and the third endotherm peak at 180°C 
could be attributed to the simultaneously occurring water and ammonia desorption. Since 
water and NH3 are distributed at several different positions, an escaping of them from 
zeolite will need different amounts of energy. This could be further confirmed by the gas 
IR spectroscopy.  
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Fig. 4.27 3D FTIR spectra of the evolved gases for K9.6-A (left) and K7.8A (right). 
 
In order to monitor the gas evolution at the corresponding temperature, three-dimensional 
diagrams (3D diagrams) of the FTIR spectra of sample K9.6-A and K7.8-A were 
constructed (Fig. 4.27). The FTIR spectra correctly identified the released gas species. 
The gas evolution lasted approximately 4000s (corresponding to 370°C), this concords 
with the results of thermal analysis. Three absorbance bands corresponding to water and 
ammonia are shown in Fig. 4.27. From the 3D FTIR spectra, the relative intensity of 
different gases was also obtained. 
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Fig. 4.28 Infrared spectroscopy analysis of evolved gases for sample K9.6-A and K7.8-A . 
 
In order to obtain the detail information of the gas evolution, three spectra at different 
temperatures corresponding to three endothermic peaks were selected for further analysis. 
Fig. 4.28 shows the IR spectrum of the evolved gases at different temperatures. The 
characteristic water bands in the infrared spectroscopy lie in the broad ranges of 3900–
3500 cm-1 and 1900–1300 cm-1, while the bands for ammonia lie in 3335 cm-1 and 1180–
680 cm-1 (Madarász et al., 2004). For K9.6-A, at 60°C, very weak bands for water 
molecules were observed in the spectra. As temperature increased, at 154°C, the bands 
for water molecules became stronger while only weak NH3 signals were detected from IR 
spectroscopy. A154°C, roughly 6% decomposition of NH3 occurred as gleaned from the 
intensity of NH3 IR signals. At 192°C, the emission of both water and ammonia attained 
its maximum rate. For K7.8-A, the detected dissociation of NH3 from the samples started 
at 156°C accompanied with large amount of water release. Apparently, the intensity of 
NH3 in K7.8-A at 156°C was higher than in K9.6-A at same temperature. This is in 
accordance with the endotherm peak that appeared stronger than K9.6-A. Similar with 
K9.6-A, the dehydration and deammoniation processes achieved maximum at 185°C.  
 
Chapter 4    Results and discussion 
73 
 
4.4. Ba2+ and Sr2+ exchanged zeolite A 
In this section, powder X-ray diffraction, thermal analysis, and XRF analysis were 
employed for the characterization.  
Since zeolite A has high ion-exchange ability, it is very useful to remove undesirable 
heavy metals from waste water. However, after heavy atoms exchange, the properties of 
zeolite A was changed. Sherry (1966) observed that the X-ray diffraction intensity of 
zeolite A decreased after Ba2+ exchange and proposed that the low intensity of Ba-A was 
due to the high absorption coefficient of barium for X-rays. The similar phenomenon was 
observed by other reports. Dell’Agli et al. (2000) inferred the reason for the depression is 
that the crystallinity of the zeolitic structures was lost after barium exchange. 
 
4.4.1 Powder X-ray diffraction data analysis 
 
 
Fig. 4.29 X-ray powder diffraction patterns of synthesized zeolite Na-A, Ba-A, and Sr-A 
 
X-ray powder diffraction patterns of the Na-A and cation exchanged zeolite A are shown 
in Fig. 4.29. For Na-A, it is clear that all the diffraction peaks are reasonable, which 
ascertain the successful synthesis of zeolite Na-A. After Ba2+ or Sr2+ exchange, the 
samples still retain the characteristic peaks of zeolite A. This indicates that even after six 
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or eight times of repetitive ion exchanges, no extraneous phases are present. The lattice 
parameter of Na-A, Ba-A, and Sr-A, calculated by the LeBail method (Le Bail, 2005), are 
shown in Table.4.8. The lattice parameter of zeolite Na-A was calculated to be a = 
24.5680(3) Å. After heavy atoms exchange, both lattice parameter of zeolite Ba-A and 
Sr-A decreased as shown in Table 4.8. 
After heavy atoms exchange, not only the lattice parameters changed but also the peak 
intensity decreased. Especially for sample Ba-A, it results in a dramatic reduction of peak 
intensity in zeolite A pattern. This result is in good agreement with the report by Ferone 
et al. (2010). They found a progressive reduction of peak intensity with increasing the 
Ba/Sr ratio in (Ba, Sr)-exchanged zeolite A. The linear absorption coefficient after 
different cation exchange could be obtained through the equations 1 and 2. 
VN
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100   ,
   (2) 
where ρ is the density of the material in units of g/cm3, n is the number of the different 
elements, M is the molar mass, X means the Na+, Ba2+, or Sr2+, NA is Avogadro’s number, 
Pn/100 is the mass fraction of each elements in the materials, μm/ ρ is mass attenuation 
coefficients of each elements that could obtained from international tables in the units of 
cm2/g (Arndt, 2006).  
The calculated absorption coefficients of different samples are listed in Table 4.8. For the 
synthesized zeolite Na-A, the absorption coefficients is calculated to be 42.67 cm-1. After 
Ba2+ or Sr2+ exchanged, this value increased especially for Ba-A. The X-ray diffraction 
intensity of one single phase can be given as  
 , 
where I(hkl)α is the intensity of  reflection of hkl in phase α, I0 is the intensity of incident 
beam, λ is the wavelength of X-ray, r is the distance from specimen to detector, e is the 
charge on an electron, m is the mass of electron, c is the rate of light, M(hkl) is the 
multiplicity of the reflection hkl of phase α, Vα is the volume of the unit cell of phase α, 
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F(hkl)α is the structure factor, 2θm is the diffraction angle of the monochromator, να is the 
volume fraction of phase α, and μs is the linear absorption coefficient of the specimen 
(Connolly, 2012). For the same experimental system, the X-ray diffraction intensity is 
inversely proportional to absorption coefficient from the equation. Therefore, when the 
Na+ was exchanged by Ba2+ and Sr2+, the increased linear absorption coefficients resulted 
in the decreased peak intensity.   
                       
Table 4.8 lattice parameter, Number of water molecules, and absorption coefficients of different samples. 
sample Lattice parameter 
a (Å) 
No. of water molecules * Linear absorption 
coefficients (cm-1) 
Na-A 24.5680(3) 184 42.67 
Ba-A 24.5031(3) 209.4 278.33 
Sr-A 24.5588(3) 234.6 97.81 
       * The number of water molecules was determined from thermal analysis. 
 
4.4.2 XRF analysis 
The chemical compositions of three samples were reports in Table 4.9 from XRF analysis. 
It seems that almost all Na+ was exchanged by Ba2+ and Sr2+ by using the static methods. 
The Si/Al ratio is more than one. These results are in good agreement with the previous 
work (Lührs et al., 2012). In that work, a series of K+ and Ca2+ exchanged zeolite A was 
prepared. The EDX results show that the Si/Al ratio is more than one (i.e., 1.06).  
Table 4.9 The chemical composition of different samples. 
composition Na-A Ba-A Sr-A 
Al2O3 27.6 22.1 23.8 
SiO2 33.6 26.6 29.0 
Na2O 16.8 0.251 0.22 
BaO <0.011 32.2 <0.011 
PbO <0.002 <0.002 0.011 
SrO <0.03 <0.03 23.8 
LOI 22.01 18.9 16.2 
Sum 99.9 100.1 99.9 
Chemical formula Na94.08Al94.4Si97.6O384 Ba46.08Na1.77Al94.88Si97.12O384 Sr46.25Na1.43Al94.32Si97.68O384 
Si/Al 1.03 1.02 1.04 
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4.5 TEA effect on zeolite A  
The previous work reported that the lattice parameter a of synthesized zeolite A 
decreased whereas the crystal size increased with increasing the concentration of TEA 
(Fischer et al., 2012). In this work, different spectroscopic methods were employed to 
study the influence of TEA on the crystal structure of zeolite A.  
The typical synthesis method for zeolite A (channel dimensions ranging from 0.2 to 2.0 
nm (Moloy et al., 2002)) is the traditional hydrothermal method, which contains the 
silicate and aluminate solutions in the precursor. It has been reported that several factors 
such as silica and alumina sources, structure-directing agents, alkalinities, SiO2/Al2O3, 
aging time, and temperature play important roles during the synthesis process (Zhou et al., 
2012). Because of the crucial application for small-sized zeolites as films in membrane or 
as seeds for zeolite powders, several studies focused on producing nanocrystals.   
Alfaro et al. (2007) studied the effect of the aging time on the influence of synthesis 
small crystals of zeolite Na-A. The result showed that when the aging time was 144 h, the 
crystal size ranged from 200 to 500 nm. Bayati et al. (2008) investigated the factors 
including the initial reaction composition, reaction time and temperature that affect the 
synthesis of nanostructure Na-A. It was reported that the optimum condition for 
synthesized Na-A is the use of the molar ratio 10NaO:Al2O3:50SiO2:1000H2O at   
60–90°C with a maximum time of 24 h. 
Large zeolite crystals are important in single-crystal determination. The best conditions 
for growing large size crystals depend on the following three aspects (Schmitz et al., 
1987): (1) slowing down the reaction rate, (2) increased solubility of the zeolites, and (3) 
the region of concentration yielding maximum crystal size. One effective way to obtain 
the large single crystal for zeolite A is the uses of organic additives. Among all the 
organic additives, 2,2',2"-nitrilotriethanol (triethanolamine, TEA, N(C2H4OH)3, scheme1) 
is the most commonly used for preparing the large-sized zeolite A crystals. The first time 
to add TEA to the reaction mixture for synthesis zeolite A and X was reported by 
Charnell (1971). In his procedure, the size of zeolite A could be up to 60 μm whereas the 
size of zeolite X is over 100 μm. They proposed that the large-sized zeolite A was 
produced due to the “stabilizing and buffering” effect of TEA. In other words, TEA could 
chelate with Al3+ by its hydroxyl groups in the initial gel. Therefore, the distribution of 
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aluminum in the initial gel would be decreased with high amount of TEA. As a 
consequence, the rate of the nucleation process is reduced. Subsequent research 
confirmed this assumption (Basaldella and Tara, 1998; Scott et al., 1990). A recent study 
concerning the preparation of large zeolite A was reported by Yang et al. (2006). Zeolite 
A with crystal size up to 35–40 μm was obtained by the addition of TEA. They pointed 
out that the TEA, as an organic additive, not only increases the viscosity of the system 
but also forms chelated complex with aluminum species, which reduces the nucleation 
and crystal growth processes. In addition, Tetra Methyl Ammonium (TMA, scheme 4.1) 
was also in the synthesis zeolite A as organic additives. It was reported that the Si/Al 
ratio of synthetic zeolite A varied from 1 to high ratios (up to 1.7), if TMA was used 
during the synthesis procedure (Esmaeili et al., 2011a). In contrast, the template-free 
synthesis led to Si/Al = 1. 
 
 
Scheme 4.1. Scheme for TEA and TMA. 
 
It is worth mentioning that this effect of chelation of aluminum causes an increase in the 
Si/Al ratio in the precursor suspensions. Therefore, the production of zeolite LTA and 
FAU with a high Si/Al ratio would be obtained. Although the addition of TEA could 
yielded large-sized zeolites, the reaction requires more time to achieve complete 
crystallinity than the solution without TEA (Coker et al., 1993).   
 
4.5.1 XRF analysis 
The chemical composition of selected samples, determined by XRF as percentage of 
oxides, is shown in Table 4.10.  
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Table 4.10 Chemical composition of selected zeolite A with different amount of TEA from XRF analysis 
(weight percent less than 0.1% are not listed in the table) 
 
composition Sample 
NaA_0.25 NaA_0.25_a NaA_1.0 NaA_1.75 NaA_2.5 
SiO2 33.3 32.9 33.5 33.7 37.1 
Al2O3 29.1 28.4 28.0 27.4 26.9 
Na2O 17.1 16.5 17.0 16.9 16.5 
Si/Al 0.972 0.982 1.017 1.043 1.169 
 
As shown in Table 4.10, zeolite A is primarily composed of Al2O3, SiO2, and Na2O. It is 
worth noticing that the Si/Al ratio increases with the increase in the amount of TEA 
during the synthesis process. In the sample with lowest TEA concentration, the Si/Al 
ratio is less than one (0.972 as shown in the table 4.10). It seems that the result violated 
the Loewenstein’s rule, which requires that the minimum Si/Al ratio should be 1 for 
aluminum in four-fold coordination (Loewenstein, 1954). In order to check this low Si/Al 
ratio is not derived from the experimental mistake, a repeat synthesis experiment (sample 
NaA_0.25_a) was carried out. The result indicated that the Si/Al ratio is still less than 1 
(0.982 as shown in the table 4.10). However, this “violation” was discovered many years 
ago. Barrer and Meier (1958) analyzed the composition of zeolite A and found that the 
molar ratio SiO2/Al2O3 is 1.87. They assumed that the excess Al was occluded in the   
β-cages as sodium aluminate molecules. However, at that time, there was no direct 
crystallographic evidence to support it. In the following years, some authors reported this 
assumption with the incomplete cation-exchange phenomenon. A. Marocco et al. (2011) 
reported that a small part of Na+ in zeolite A cannot be further exchanged, which involves 
the possible presence of NaAlO2 in the zeolite framework. Feoktistova and Ryzhikov 
(2004) reported two indirect evidence for the above assumption. First, they synthesized 
zeolite NaS (recrystallized from zeolite A) because its framework only consists of 
cuboctahedron (also called sodalite cage). The chemical composition showed that the 
SiO2/Al2O3 ratio is 2.0, which means that the NaAlO2 was absent. Therefore, they 
inferred that the steric hindrance caused by higher electron density prevented the 
occlusion of large NaAlO2 in zeolite NaS. Second, the adsorption ability of zeolite A was 
decreased, which was attributed to the excess NaAlO2. 
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4.5.2 FTIR spectra analysis 
The previous work showed that the lattice parameter a decreased with increasing the 
concentration of TEA during the synthesis process. Therefore, it is important to check 
whether the TEA was completely washed out or not. FTIR spectroscopy was used for 
further evaluation. The FTIR spectrum of the selected samples in the range 4000–400 
cm?1 is illustrated in Fig. 4.30. 
 
Fig. 4.30 FTIR spectra of zeolite A with different amount of TEA. 
 
Generally, in zeolite, the absorption bands are resulted from the stretching and bending 
modes of Al and Si in the zeolite framework. From the IR spectra, it can be seen that the 
bands between 400 and 1300 cm-1 are typical for zeolite materials. In Fig. 4.30, the sharp 
peak at 1000 cm?1 is associated with TO4 tetrahedral (T = Si, Al) asymmetric stretch 
vibrations. Another sharp band around 460 cm?1 can be assigned to the T-O bending 
vibrations. The bands at about 551 cm?1 correspond to the symmetric stretching vibration 
of 4-membered rings, which is the dominant secondary building unit in the zeolite A 
structure. Another weak band at 668 cm?1 was assigned to T-O-T symmetric stretching. 
More visible bands were observed between 2000 and 4000 cm?1. The bands at about 1665 
cm?1 and other broad bands in the range 3700 and 3100 cm?1 were assigned to the 
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bending vibrations of water molecules and the presence of OH- groups, respectively. The 
deep bands for water molecules in the zeolite A structure indicate that since the 
measurements were taken under air conditions, the CO2 bands (around 2380 cm
?1) were 
inevitable in the spectra. Apparently, there were no typical vibration bands for TEA in all 
samples, which indicate that the TEA is washed out completely. In other words, the 
assumption that the decreased lattice parameter is because of the occlusion of TEA in the 
channels was ruled out.   
 
4.5.3 UV/vis spectra analysis 
The XRF result revealed the significant difference in the Si/Al ratio between the zeolite A 
produced with the low and high TEA concentrations. Therefore, a small amount of 
NaAlO2 was suspected into the β cages in zeolite A synthesized with low TEA 
concentrations. UV/vis spectroscopy is usually employed for the investigation of electron 
transfers between orbitals or bands of atoms, ions, and molecules. Therefore, in this work, 
this method was employed to study the difference between the two samples. 
 
 
Fig. 4.31 UV-visible absorbance spectrum of different samples. 
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The UV/vis adsorption spectra of zeolite A from different TEA concentrations are 
depicted in Fig. 4.31. There are no obvious absorption bands in the visible region  
(380–800 nm), which indicates that the zeolite A has no optical absorption in that area. 
The spectrum primarily shows the absorption bands in the violet region (200–380 nm). In 
the sample NaA_0.25, it is observed that the two obvious adsorption shoulders with the 
maximum peak are observed at 219 and 295 nm. However, in the sample NaA_2.5, the 
first shoulder at 219 nm is not easily recognized. Engel et al. (1994) reported that the 
intensity of reflectivity decreased when the amorphous phase was washed out. In other 
words, those samples with high amorphous material have high intensity of absorbance. 
Compared with these two samples, it is obvious that sample with low TEA (NaA_0.25) 
has high intensity of absorbance, which could be an indication for the occluded NaAlO2.  
 
4.5.4 Summary and outlook 
In this work, different amounts of TEA were used for the synthesis of zeolite A. The   
X-ray diffraction patterns of the series of synthetic zeolite A indicate that zeolites were 
obtained successfully with different amounts of TEA. The chemical compositions derived 
from X-ray fluorescence analysis showed that the Si/Al ratio increased with the increase 
in the concentration of TEA. Interestingly, one sample with the addition of 0.25 mol/L 
TEA has the Si/Al ratio less than 1. TEA was not incorporated in the final products, 
which is concluded by the FTIR spectroscopy results. 
The observation concerning the Si/Al ratio of less than 1 in zeolite A was reported many 
years ago, and only an assumption that NaAlO2 might be occluded in the sodalite cage 
was proposed. It is essential to provide the direct evidence. From the previous discussion 
(crystal structure for K-A and NH4-A), it was obvious that water molecules also reside in 
the sodalite cage. Therefore, it would be highly interesting to study the dehydrated zeolite 
A with other spectra, such as in situ Raman spectroscopy, to verify if it is possible to 
obtain information about occluded NaAlO2. 
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In this study, the thermal stability and crystal structure of different cation exchanged 
zeolite A were investigated. In addition, different spectral methods were employed to 
study the TEA effects on the synthesis of zeolite A.  
 
5.1 Conclusions 
The main focus was on the investigations of different cation exchanged zeolite Na-A in 
both single crystals and powder samples.  
For single crystal, Na+ ions were directly substituted by monovalent ions (such as K+ and 
NH4
+). Both cation exchanged single crystals were subjected to the static methods. The 
crystal structure of the different cation exchanged zeolite A was refined in space group 
F m 3¯ c based on data collection at room temperature by the single-crystal X-ray 
diffraction technique. The thermal stability of different cation exchanged zeolite A was 
also investigated using powder samples by heating them in air and under vacuum 
conditions.  
 
(1) The crystal structure of K,Na-A 
For K+ exchanged zeolite A, the microprobe analysis showed that approximately 25% 
Na+ ions are not substituted by K+ ions. After the refinement, two distinct positions are 
shown for cations and three positions for water molecules. In hydrated K+ exchanged 
zeolite A, the most popular position for K+ is located on the 6-fold axes in grc units. This 
position can be defined as a mixed fully occupied position for K+ and Na+. Another 
position, off the 8-ring window in the grc units, generated eight symmetrically equivalent 
positions. These equivalent positions are too close to each other that simultaneous 
occupation is not possible. Therefore, in this refinement, this K2 position is constrained 
to the maximum occupancy of 1/8 because the refinement for this occupancy yielded 
occupancy values than 1/8. One-third water molecules are located on 6-fold axes in toc 
units.
Chapter 5    Conclusions and perspectives 
 
83 
 
The other water molecules form a sodalite-cage-like cluster into the grc units. However, 
the possibility that some K+ ions are located at positions of water molecules cannot 
completely be excluded.  
 
(2) The crystal structure of NH4-A 
For NH4
+ exchanged zeolite A, EDX results showed that almost all the Na+ was replaced 
by NH4
+. Considering the possible errors in EDX analysis for determining chemical 
composition, a mixed occupancy by NH4
+ and Na+ cannot be completely ruled out. 
Zeolite NH4-A was obtained directly by NH4
+ exchanged zeolite Na-A. It is reasonable 
that the distribution of NH4
+ ions is similar with Na+ in fully hydrated zeolite Na-A. The 
distribution of NH4
+ occurred at two positions. One is on the 6-fold axes. This position is 
considered to be fully occupied as the free refinement leads to high occupancy than the 
theoretical maximum occupancy. Another position is on the surface of the 8-ring window, 
which generates four symmetrical equivalents. All the water molecules were distributed 
similar to K+ exchanged zeolite A. Interestingly, the dealumination proceeded in the 
single crystal zeolite Na-A when it was stored in air at room temperature. After 16 days 
in air, the lattice parameter a of zeolite NH4-A decreased from 24.5996(3) Å to 24.3378(3) 
Å, which could be an indirect evidence for a slight collapse of the structure due to the 
removal of Al from framework. In addition, high electron density was found at the origin 
position. Refining this position as Al leads the index R1 decreased. The closest neighbors 
to this origin position are water molecules with a distance of 1.9 Å, which is slightly 
longer but reasonable to form the sum of the Al and O ionic radii (1.746 Å)  (Baur and 
Ohta, 1982). 
 
(3) The thermal stability of zeolite K-A, NH4-A and intermediate members 
The thermal stability of different cation exchanged zeolite A was investigated in air and 
under vacuum conditions by using the corresponding powder samples. In order to obtain 
the pure zeolite K-A and pure zeolite NH4-A, the exchanged solutions were refreshed 
several times. The XRF results showed that the Na+ ions were completely exchanged by 
K+ and NH4
+ ions as two end members. The chemical composition for the intermediate 
members are K9.6-A and K7.8-A. Zeolite K-A was stable up to 900?C under both 
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conditions. Especially under vacuum conditions, the lattice parameter a of K-A showed 
negative thermal expansion after 150?C. Full Rietveld refinement of powder   
X-ray diffraction patterns was performed using the averaged structure in space group 
P m 3¯ m. The results showed that no significant changes occur on the framework T-O 
distances and O-T-O angles. However, the T-O-T bond angles changed with the 
increasing temperature, which is considered to be a proper reason for the negative 
thermal expansion. Pure zeolite NH4-A is not stable under both atmospheric and vacuum 
conditions. In air, the samples turned into complete amorphous state at a low temperature 
of 130?C. Under vacuum conditions, the peaks started to spilt at 50?C, which could be 
the sign for the formation of zeolite H-A. Partially NH4
+ exchanged zeolite K-A indicated 
that zeolite possessing high K+/NH4
+ ratio exhibits higher thermal stability. K9.6-A was 
stable up to 900?C regardless of heating conditions. However, K7.8-A started losing the 
crystallinity at 150?C in air and even at a low temperature under vacuum conditions.  
In addition, the different heavy atoms exchanged zeolite A were prepared. The lower   
X-ray diffraction intensity after Ba2+ and Sr2+ exchange was due to the high absorption 
coefficient of heavy atoms.  
 
5.2 Future perspectives 
This work was mainly focused on the crystal structure and thermal stability of K+ and 
NH4
+ exchanged zeolite A. The structure of hydrated single crystal K-A and NH4-A were 
determined in space group F m 3¯ c. It was found that the dealumination process occurred 
when NH4-A stored in air. Further experiments can also be focus on other NH4
+ 
exchanged zeolites such as natural zeolites to investigate the dealumination process. 
Powder sample NH4-A was unstable even below 130?C in air. It is interesting to study 
the structure change of zeolite NH4-A by single-crystal X-ray diffraction upon heating 
because powder samples provide poor structure information. Additional investigations of 
other cation exchanged hydrated zeolite A can also be refined in space group F m 3¯ c.  
Zeolite K-A exhibited negative thermal expansion during the heating process. Further 
experiments using other alkalis or heavy atom exchanged zeolite A can be designed to 
see whether they have the same negative thermal expansion phenomenon or not. 
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CD Appendix 
 
The CD appendix contains the following contents: 
? Digital version of this thesis 
? *.cif files for single crystals  
a) *.cif file for single crystal K-A 
b) *.cif file for single crystal dataset NH4-A_0d 
c) *.cif file for single crystal datasets NH4-A_16d 
? Diffraction data 
a) *.xrdml file for powder sample in air 
b) *.xrdml file for powder sample under vacuum conditions 
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